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Abstract
Nature’s motors are complex and efficient systems, which are able to respond to many
different stimuli present in the cell. Nanomotors for biomedical applications are designed to
mimic nature’s complexity, however, they usually lack biocompatibility and the ability to
adapt to their environment. Polymeric vesicles can overcome these problems due to the soft
and flexible nature of polymers. Herein we will highlight the recent progress and the crucial
steps needed to fabricate active and adaptive motor systems for their use in biomedical
applications and our approach to reach this goal. This includes the formation of active,
asymmetric vesicles and the incorporation of a catalyst, together with their potential in
biological applications and the challenges still to overcome.

Keywords
Supramolecular Nano(micro)motor • Self-Assembly • Polymer • Motion • Autonomous
particles
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Introduction
Biological motors, such as ribosomes,1 kinesins,2 and ATP synthase3 are essential natural
machines that perform their functions with supreme efficiency. Many scientists have tried to
understand and mimic these structures by creating various synthetic micro- and nanosized
motors, in particular those that lead to translational motion. Combining structural design
with motion has led to many successful constructs, such as molecular motors, 4-6 switches,7
ratchets,8 bimetallic nanorods,9-13 Janus capsules,14-15 and shuttles.16-17 The specific
requirements of each motor depend on their application and functional design, yet,
asymmetry plays an important role in the design, together with the incorporation of a
catalyst that can convert chemical energy into motion. To mimic biological motors, the
system should be adaptive and made from soft and biodegradable materials. This ensures
that the motor can feel its environment and respond accordingly, so that it is able to actively
perform the task it was designed for. So far, the majority of research has focused on creating
artificial motors that are based on metal catalysts or metal surfaces and are therefore not
compatible for biomedical applications. The challenge is to design nanomotors made of soft
materials, which are adaptive and fully biocompatible and/or biodegradable. Therefore, it is
not only necessary to consider the structural design, but also the construction approach.
The two main approaches for the formation of micro- and nanostructures are top-down and
bottom-up, although, increasingly hybrid methods are used as well, which combine
advantages of both methods. With the top-down approach, larger structures or patterns are
reduced to nanoscale dimensions. The methods that are mostly used are subtractive and
additive lithography techniques, such as etching, electrodeposition, and sputtering, or
molding processes, such as PDMS printing. Fabrication using a top-down approach is
straightforward and cheap, however, the scale up production is difficult to achieve and it
faces size limitations when going for even smaller designs. The first nano- and micromotors
have been created using these techniques.18-21 The bottom-up approach starts with
molecular building blocks that are used to build up the final structure, often involving
synthesis or self-assembly. The bottom-up approach is more versatile in design and choice
of materials. With this method the smallest structures can be made, for instance the wellknown molecular motors from the Feringa group.22-24 Lately, several examples of
nanomotors are published that combine the top-down and bottom-up approach, such as the
fabrication of ordered arrays of functional nanotubes,25 directed self-assembly of polymers
by patterned templates,26 and layer-by-layer deposition to form multilayer Janus capsules.27
However, limited examples exist of motors created solely by bottom-up approaches.28-29 Our
lab has reported bottom-up self-assembly of micro- and nanomotors from different
polymers.17, 30-33 The supramolecular approach to develop nanomotor carriers for biomedical
applications is the main inspiration for our group. Designing soft, biocompatible carriers has
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a wide range of implications, not only from the applications point of view, but also from the
perspective of mimicking and consequent understanding of such fascinating structures. In
this Perspective, the supramolecular paths to form asymmetric morphologies are discussed
that form the foundation of our self-propelling structures. In the following subsections, we
focus on the development of asymmetric structures into nanomotors by incorporating a
catalyst and their potentials for biomedical applications by showing their adaptive abilities,
cellular uptake and release of drug molecules. Comprehensive reviews focused on nano- and
micromotors and their applications,34-36 molecular motors,37-38 and on nanoreactors39-41 were
published previously and will not be discussed here. Instead, we specifically focus on selfassembled polymeric motors and our approach from fabrication to application.

Shape
The first factor to consider while designing autonomous particles is their shape. Asymmetry,
either in catalyst distribution or in shape, is required to obtain autonomous motion. Here we
focus on the design of asymmetric shapes for our micro- and nanomotor.
Polymersomes are bi-layered polymeric vesicles made from amphiphilic block-copolymers
comprising hydrophobic and hydrophilic covalently linked chains, Figure 1A & B. In aqueous
media, these block-copolymers spontaneously self-assemble into spherical vesicles, Figure
1C.17, 30 Thereby, three different compartments are created; an inner aqueous lumen, a
hydrophobic membrane and a hydrophilic outer surface. During polymersome formation,
cargo can be captured inside the lumen, which is shielded from potentially unfavorable
environments in biological settings.30, 42 This allows the formation of nanocarriers or
nanoreactors for various applications, such as drug delivery,43 imaging44 or mimics of life-like
systems.45 Polymersomes show increased stability and membrane integrity compared to
liposomes, due to their relatively thick membrane and are therefore used as alternative
carriers.17, 32 While a thick membrane allows them to tolerate changes in the environment,
their morphology can be re-engineered and re-shaped upon different stimuli. The shape
transformation of spherical polymersomes in response to various external stimuli, such as
pH,46-47 osmotic pressure,48-49 temperature,50-51 chemical composition of the membrane52-53
and magnetic fields54-55 has been studied. Yet, it is important to highlight that the
polymersome properties, i.e. size, surface charge, rigidity, and permeability depend on their
building blocks.56-58 For the hydrophilic part of the block copolymer often poly(ethylene
glycol) (PEG) is implemented, due to its stealth-like behavior. Although PEG is not
biodegradable, it is proven to be biocompatible.59-60 As hydrophobic block, various polymers
have been used,61-63 i.e. polybutadiene (PBD),64 polystyrene (PS),65 poly(ε-caprolactone)
(PCL),66 and polylactide (PLA),67 depending on their application. For instance, polybutadiene
has a glass transition temperature (Tg) below room temperature, which makes the

16

General Introduction

polymersomes quite flexible and suitable for drug release. On the other hand, polystyrene
has a high Tg, which creates a rigid amorphous membrane when the organic solvent is
removed, due to tight packing of the benzene rings, Figure 1A.68 These characteristics are
useful for shape transformation of polymersomes, as different (intermediate) morphologies
can be obtained. However, neither polybutadiene nor polystyrene are biodegradable, so for
biomedical applications, alternatives are required. Polylactide is a good candidate, as it is
biodegradable and has comparable properties to polystyrene, i.e. a relatively high Tg and
similar Hildebrand solubility parameters, Figure 1B.
Creating various shapes from spherical polymersomes is exciting and important for many
different applications. Therefore, understanding the fundamentals of the shape
transformations is key. Spherical polymersomes can deflate via two distinct pathways
defining the final morphology; prolates (rod-like structures) or oblates (disc-like structures),49
Figure 1D. The out-of-equilibrium situations that forces spherical polymersomes to deflate
into different morphological structures can be explained in terms of bending energy,
Equation 1.49, 69


ܧ ൌ ׯሺʹ ܥെ ܥ ሻଶ ݀ܣ
ଶ

(1)

In this equation k is the bending rigidity constant (which depends on material properties), C
is the mean surface curvature and C0 stands for the spontaneous surface curvature. When
an external stimulus is applied to a flexible membrane, a positive or negative surface
curvature is induced, thereby influencing the bending energy. A positive bending energy will
lead to the formation of prolate morphologies, whereas a negative bending energy leads to
the formation of oblate morphologies. The hydrophilic and hydrophobic parts of the
polymersome largely influence the surface charge, temperature sensitivity, rigidity and
permeability and thereby affect the shape change process.56-58 For example, introducing an
osmotic shock to spherical poly(ethylene glycol)-b-poly(D,L-lactide) (PEG-b-PDLLA)
polymersomes allows shape transformation into elongated nanotubes (prolates), whereas
poly(ethylene glycol)-polystyrene (PEG-b-PS) showed stomatocyte morphologies (oblates)
under similar conditions.48-49 However, careful tuning of the conditions makes it possible to
create nanorods and nanotubes of PEG-b-PS49 or stomatocytes of PEG-b-PDLLA.70 By adding
high amounts of PEG (Mw 2000) to spherical polymersomes it is even possible to create
stomatocyte in stomatocyte structures.71 The final shape is not only important for their
function, but also for their application and communication to the environment. For example,
structures with high aspect ratio have more interaction sites, leading to enhanced particle
uptake by cells through multivalency.72
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Figure 1. Synthesis and self-assembly of block copolymers. A. Synthesis of poly(ethylene glycol)-polystyrene via Atom
Transfer Radical Polymerization (ATRP). B. Synthesis of poly(ethylene glycol)-b-poly(D,L-lactide) via Ring Opening
Polymerization (ROP). C. Self-assembly of amphiphilic block copolymers in organic solvent by addition of water. D.
Shape transformation pathways of spherical polymersomes. Deflation occurs via prolate or oblate structures.
Dashed arrows represent the axis of symmetry.

Polymersomes assembled from PEG-b-PS have a flexible and responsive bilayer membrane
in the presence of plasticizing organic solvents and are rigid and non-responsive in water due
to the tightly packed glassy hydrophobic polystyrene blocks in their membranes. Once the
plasticizing solvent is completely removed, the kinetically driven process of membrane
folding stops due to vitrification of the membrane. The shape transformation can therefore
also be stopped at any moment during the shape transformation process by adding excess
of water, quenching the (intermediate) structures and forcing the system in a kinetically
trapped state.73 These properties enabled the shape transformation of spherical vesicles into
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bowl-shaped stomatocytes via disc morphologies by dialyzing against water, Figure 1D.30
However, small amounts of organic solvents or additives in the sample leave the membrane
slightly flexible and permeable, allowing solvent exchange from the inner lumen and outside
environment. This can result in a metastable configuration, where the system slowly relaxes
to a more stable configuration.73 For instance, spherical PEG-PS polymersomes can deflate
in a mixture of water and organic solvent to prolate structures and subsequently inflate back
to spheres after multiple days. By adding 50% (v/v) water, a slight osmotic pressure is
generated over the spherical polymersomes, causing an outflow of organic solvent. The
polymersomes will form a prolate morphology to lower the osmotic pressure at the expense
of the bending energy. When the organic solvent is not removed, it acts as plasticizer,
allowing water to flow back in slowly, relieving the bending energy. This results in the
inflation of the prolates to the more stable spherical polymersomes.49
The method in which the organic solvent is removed completely, is named the ‘solvent
switch’ method, as the plasticizing solvent is switched for water, rigidifying the final
polymersome morphology. Another approach is the ‘reverse addition’ method, in which
glassy stomatocytes are reversibly plasticized and made flexible when dialyzed in a mixture
of organic solvent and water.30 Depending on the time of exposure to the plasticizer,
different morphologies are obtained, such as ellipsoids and kippah structures.74 When the
same reverse dialysis method was applied to rigid glassy polymersomes, stomatocyte
morphologies were obtained with different sizes of their openings, depending on the time of
dialysis and the mixture and composition of water and organic solvent.42 The desired
morphologies could also be quenched by vitrifying the membrane in water, allowing
reshaping of existing polymersome morphologies. The drawback of this method, however, is
the limited control in the size of the opening of the stomatocytes due to the increased
flexibility of the membrane during the reverse dialysis. A third method was developed to
provide a mild methodology for shape transformation in biological setting for encapsulation
of proteins and enzymes. Large amounts of solvent can damage these complex structures,
as will be discussed in later sections, thus the ‘solvent addition’ method was introduced.42 In
this method, small amounts of solvent are added to spherical PEG-PS polymersomes to
introduce shape transformation based on fast osmotic stress generation over the glassy PS
membrane. Upon addition of less than 25% (v/v) of solvent, a shape transformation from
spherical polymersomes to large opening stomatocytes was observed. Adding more aliquots
led to a decrease of the stomatocyte neck size, to the extent that virtually closed
stomatocytes were obtained. At any stage of this cycle, organic solvent could be removed
and water could be added to capture the stomatocyte structure with controlled opening. The
stomatocyte structure provides both asymmetry as well as a protected inner cavity, thus
offering a lot of interesting possibilities, especially for nanomotors or nanoreactor
applications.
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Recently, we designed a micromotor to mimic the stomatocyte shape at the microscale. 33
Because such micro sized particles are easier to visualize, we hoped to learn more about their
behavior and correlate this to the nanoscale. Although this is a nice strategy to mimic the
shape of the stomatocyte nanoparticles, the microparticle is made from a completely
different material; a cross-linked gel. The formation of asymmetric particles is based on the
phase separation of two polymeric solutions, which are poly(ethylene glycol) diacrylate
(PEGDA) and dextran. In a microfluidic chip a droplet-in-droplet system is generated
containing dextran in PEGDA in oil, which is the continuous phase and ensures emulsification
of the PEGDA/dextran droplets. After collection from the chip, the PEGDA phase can be
specifically polymerized due to the diacrylate functionality. The dextran phase is added as a
template to provide the asymmetry in the particle. Upon polymerization of PEGDA, it will
partly diffuse inside the gel and ensures a rough inner surface, Figure 2.
In the section below, the incorporation of a catalyst in the stomatocytes is described,
including a metal catalyst, which decomposes hydrogen peroxide into water and propelling
oxygen, and an enzyme couple catalyst that uses glucose as fuel.

Autonomous Systems
The first stomatocyte nanomotors were created by the encapsulation of platinum
nanoparticles inside their cavity during the shape transformation via a process called

Figure 2. A. Microfluidic design for the generation of droplet-in-droplet morphologies of poly(ethylene glycol)
diacrylate (PEGDA) and dextran. The dextran phase templates the asymmetric shape, upon polymerization of PEGDA
it will partly diffuse inside the gel resulting in a rough inner surface. B. Cryo-Scanning electron microscopy (CryoSEM) image of the microparticle showing the rough inner surface. Scale bar corresponds to 10 μm. Reproduced
from ref. 33. with permission from John Wiley & Sons. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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‘artificial endocytosis’.30 Interestingly, when large particles (100 nm) were used for
encapsulation, size and shape of the stomatocyte cavity were accordingly affected due to a
possible templating effect from the particle. Platinum is a known catalyst for the
decomposition reaction of hydrogen peroxide into water and oxygen, which can escape
through the opening of the stomatocytes, propelling it forward. The state-of-art design, was
conceptually an important milestone for developing new stomatocyte bio-hybrid motors,
using enzymes instead of platinum as engines and utilizing bio-fuels instead of hydrogen
peroxide for propulsion. For this purpose, the ‘solvent addition’ methodology was developed
to protect the enzymes from denaturation. Enzymes were first mixed with open neck
stomatocytes and subsequently, the neck was closed by adding small amounts of organic
solvent. This process led to the encapsulation of the enzymes while their denaturation was
prevented, forming a hybrid polymeric supramolecular nanomotor, Figure 3.42 We
encapsulated the well-known enzyme cascade glucose oxidase (GOx) and catalase (Cat) in
the stomatocytes to break down glucose. GOx catalyzes the oxidation of glucose to
gluconolactone and H2O2, which is decomposed by Cat into water and propelling oxygen. The
stomatocytes encapsulating both enzymes showed propulsion at biological relevant glucose
concentration (5 mM) and continued moving in presence of trypsin, a proteolytic enzyme
known to inhibit enzymes activity.

Figure 3. A. Incorporation of enzymes inside the stomatocyte cavity. Encapsulation is performed under mild
conditions to minimize contact of the enzymes with organic solvent. Small amounts of organic solvent are added to
form and close the opening of the stomatocyte. When fuel is added, the entrapped enzymes produce water and
oxygen to propel the nanomotor forward. B. Cryo-Transmission Electron Microscopy (cryo-TEM) pictures of
spherical polymersomes, open and closed stomatocytes. Scale bars correspond to 200 nm. C. TEM coupled with
energy dispersive X-ray spectroscopy (EDX) showing the mapping of iron (Fe) and sulphur (S), specific for enzymes
and the localization inside the stomatocyte cavity. Adapted with permission from ref. 42. Copyright 2016 American
Chemical Society.
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Adaptive Nanomotors
The next step, a far more challenging task, is to make adaptive systems that can interact and
respond to their environment. Earlier attempts to achieve this adaptability by control over
motion included disassembly of the complete system 75 and chemical inhibition of the
catalytic process,76 which led to the complete loss of motion without the possibility of
restarting. Inhibition of the catalytic process involves adding more chemicals to the system,
increasing complexity and decreasing biocompatibility. Restarting the motor means getting
rid of all the chemicals added for inhibition, which is time consuming and in biological context
not possible. With this in mind, finding a method to incorporate the ability for nanomotors
to respond to its environment without altering its structure or its catalytic activity remains a
challenging task. Here we discuss our attempts to make adaptive systems by gaining control
over motion and directionality.
Control over Motion
Our strategy to gain control over motion is by incorporating stimuli responsive units onto the
stomatocytes opening, which allows reversible opening and closing of the “molecular valve”
upon, for example, a temperature stimulus. This will lead to a cut off of the fuel supply and
thus stop the motor from moving autonomously. This motion-controlled system is based on
the integration of a temperature-responsive poly(N-isopropylacrylamide) (PNIPAM) brush
onto the stomatocyte nanomotor surface which was grown onto the motor’s surface using
surface-initiated atom transfer radical polymerization (SI-ATRP) polymerization.77 PNIPAM is
a temperature-responsive polymer with a lower critical solution temperature (LCST) of
around 35 °C.78 Above this LCST, PNIPAM undergoes a transformation from hydrophilic to
hydrophobic that leads to a collapsed, coiled state of the polymer, forming a hydrophobic
layer on top of the stomatocyte opening. The hydrophobic layer prevents access of the fuel
to the nanomotor cavity, thereby ceasing their propulsion, Figure 4A. Turning the motor ‘on’
and ‘off’ is completely reversible and does not affect the motion behavior significantly.
PNIPAM functionalized nanomotors exhibit only slightly lower speeds than the nonfunctionalized nanomotors. This might be due to its increased size or decreased diffusion
through the PNIPAM brush, which lowers the access of fuel inside the nanomotor even in its
hydrophilic state. At higher temperatures, however, the propulsion diminished to a level that
is almost as low as Brownian motion indicating successful functioning of the thermoresponsive brake system.
Control over Directionality
While achieving control over the motion is crucial for autonomous complex systems, control
over directionality is of great significance especially for potential biomedical applications. An
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example is active drug delivery towards tumor cells that overproduce signaling molecules i.e.
hydrogen peroxide, that fuel the motion of the motor.79 Excellent research has shown
directional control of nano/micromotors by guiding them to the desired locations. Such a
control is usually a response of the motors towards external stimulus such as temperature,80
light,81 concentration gradients82-83 and magnetic fields.84
Again nature is a great inspiration when it comes to directional movement. Bacteria,
amoebas and neutrophils sense substrate concentration gradients and accordingly navigate
towards them.85 Scientists have shown chemotaxis of various motors82 or even single
enzymes.86 Chemotactic behavior towards high fuel concentration was also observed for the
platinum loaded stomatocytes.83 Different models were used to study the chemotactic
behavior of platinum loaded stomatocytes, including static, dynamic and cell models. In the
static and dynamic fluidic models, directionality towards higher fuel concentrations was
observed even at concentrations as low as 0.5% hydrogen peroxide. The nanomotors showed
chemotactic behavior along the fuel gradient as well as increased velocities at higher
concentrations. Hydrogen peroxide excreting neutrophils were used as cell-model.
Neutrophils in cell culture substrate were placed in the middle of a petri dish containing a
nanomotor solution. The nanomotors showed directional movement towards the hydrogen
peroxide excreting cells. A decrease in directionality and speed was observed for positions
further away from the fuel source, Figure 4B. It was hypothesized that the chemotactic
directional control in movement was due to nanomotors developing higher speeds at higher
fuel concentrations, thus traveling longer distances.
Another method to control motion is by the use of external magnetic fields, which allows a
long-range directional control. Nickel loaded nanomotors are susceptible to magnetic fields
due to their ferromagnetic behavior resulting in magnetotaxis.87 Magnetic locomotion can
be achieved by magnetic gradients while homogeneous fields can be used as navigation in
the presence of fuel, Figure 4C. A gradient is established by using only one neodymium
magnet (NdFeB) magnet at the desired location, whereas homogeneous magnetic fields are
applied by sandwiching the sample in between two magnets. Nanomotors encapsulating
both platinum and nickel are catalytically powered in presence of hydrogen peroxide as well
as magnetic field and can be operated in dual propulsion mode. Adding hydrogen peroxide
in combination with the magnetic gradient resulted in increased velocity and directionality.
Magnetic locomotion is thus possible using magnetic gradients and can be enhanced by
adding fuel. A collagen network loaded with HeLa cells was used as a tissue mimic to test
transportation abilities of the nanomotors using magnetic locomotion. The nanomotors were
guided through the gel network toward a cell via the magnetic gradient. Removing the
homogeneous magnetic field resulted in dispersive movement.
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Adaptive system with feedback control
The nanomotors based on platinum nanoparticles and the GOx/Cat cascade were relatively
simple nanomotor systems and an early attempt to increase biocompatibility. However
biological systems are using metabolic pathways, out-of-equilibrium enzymatic networks
with integrated feedback loops, which allow adaptation in response to changes in the
environment. We have implemented this bio-inspired concept and incorporated an entire
glycolysis inspired metabolic pathway inside the stomatocytes to generate adaptive
nanomotors with sustained autonomous movement.88 This system can sense and adapt to
the chemical environment and the presence of available fuel.
An enzymatic reaction network that is able to convert naturally present substrates into
molecular oxygen was rationally designed. This enzymatic network consists of four metabolic
modules, working together for tunable and sustained output. The first “activation module”
acts as activation and regulation of the enzyme cycles by the conversion of ATP. The next
cycle is responsible for the generation of β-nicotinamide adenine dinucleotide (β-NADH),
which is consumed in the third cycle to produce hydrogen peroxide. Finally, the last cycle
containing Cat will decompose hydrogen peroxide into water and oxygen and is thus the
motor of the system. This enzymatic reaction network was encapsulated in the cavity of PEGPS stomatocytes and their motion was further analyzed in presence of glucose as fuel. At 10
mM glucose, the motors speed output stayed constant even after 180 min, highlighting the
ability of this network in sustaining its output through extended periods of time by regulating
fuel consumption, Figure 4D. The network output was also tuned by changing ATP
concentration, since ATP determines the concentration of β-NADH and thus the consequent
hydrogen peroxide production. The capability of this enzymatic network to maintain a fixed
motor speed output during glucose consumption and the possibility of tuning this output by
controlling the speed of certain cycles in the network is unique and advantageous.
In this case, the protective element and the confinement effect of the stomatocyte
nanomotor was highlighted by showing its functioning in complex media, human blood
serum (HBS). HBS contains many different proteins and enzymes, amongst which catalase.
When hydrogen peroxide is not produced in the cavity, but in bulk, it is converted by free
catalase present in the medium. As a result, the hydrogen peroxide concentration is lowered
to such an extent that the entrapped catalase cannot induce any propulsion anymore. In HBS,
motion of stomatocytes was maintained and was unaffected by the media. This is an
important aspect when considering the use of this system in biological context.
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Figure 4. Schematic overview of adaptive supramolecular nanomotor systems. A. Temperature-responsive poly(Nisopropylacrylamide) (PNIPAM) brush as reversible brake. At 30 °C the PNIPAM is hydrophilic, allowing access of fuel
to the stomatocyte cavity, however, at 40 °C the PNIPAM becomes hydrophobic, which induces a collapsed state
denying access to fuel and ceasing nanomotor motion. Adapted with permission from Springer Nature, ref. 77.
Copyright 2017 Macmillan Publishers Limited. B. Because of the chemotactic nature of the nanomotors, they move
towards higher concentration of fuel. The graph left shows highly directional motion along the fuel gradient, while
the graph right in absence of fuel shows no directionality at all. Adapted from ref. 83 with permission from John
Wiley & Sons. Copyright 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. C top. A
gradient magnetic field can induce magnetotaxis along the magnetic gradient. At position 0, 1 cm away from the
magnet, motion and directionality increased in comparison to position 1, 3.5 cm away from the magnet, however,
at position 1 with added H2O2 speeds increased with respect to the second graph. C bottom. Homogeneous magnetic
fields were used to navigate nanomotors in the presence of fuel. Images 1 to 4 show that they can be guided along
a distinct path. Adapted with permission from ref. 87 With permission from John Wiley & Sons. Copyright 2016
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. D. Sustained motion was obtained by encapsulating an enzymatic
network inside stomatocytes, which is shown in the middle. The graph below shows that the speed was constant
over time and thus not dependent on fuel concentration. Adapted with permission from ref. 88. Copyright 2016
American Chemical Society.
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Biomedical Applications
Many of the nanomotor designs have been developed with the idea of using them for
biomedical applications, such as drug delivery,15, 83 organelle mimics89-91 and cargo
transporters in medical devices.92-93 One of the greatest challenge is, however, the realization
of a nanometer scale transporter with controlled size, shape and suitable design to facilitate
these applications. In particular, the biodegradability and biocompatibility of the transporter
as well as the available fuels in biological systems. Furthermore, the nanostructures should
be able to capture cargo, transport and release it at the desired location, which desirably
would be inside cells for drug delivery purposes. We already discussed the formation of
biocompatible/degradable structures, catalysts and fuels. The next step is to translate this to
biomedical applications, for which the motors should be able to release cargo and to actively
find the desired location.
Release of Cargo
A hydrophilic cargo drug, can be captured inside the hydrophilic core of the polymersomes,
after which it can be transformed into a nanomotor carrying this cargo in the inner
compartment. To be able to release this cargo, the nanomotor membrane should be
degradable. This can be done by incorporating biodegradable building blocks such as PCL as
hydrophobic part to make mixed PEG-PCL/PEG-PS stomatocyte structures. Incorporation of
up to 75% PEG-b-PCL maintained the stomatocyte morphology and did not affect the speed
of the motor.66 The PEG-b-PCL formed domains in the bilayer vesicle at percentages higher
than 50% due to its semi-crystallinity. This is advantageous, because PCL degrades at low pH,
and resulted in the formation of large pores in the stomatocytes, which enabled release of
cargo. Higher percentages of PCL showed increased release of cargo at pH 5, Figure 5A. In
vitro experiments showed that particles were taken up by HeLa cells and subsequently
released their cargo as a response to the local low pH environment. The reference sample,
consisting of non-biodegradable PEG-PS nanomotors, did not release their cargo as can be
seen by the presence of fluorescent spots instead of the homogenously spread doxorubicin
with the partly biodegradable system.94 The same was observed for nanomotors having a
disulfide bridge in between the hydrophilic and hydrophobic part of the polymers. 95 In the
presence of reducing agent glutathione, which is also present in cells, the nanomotors cease
their motion and release the drug upon complete destruction of their structure. In vitro, this
resulted in a homogeneous diffusion of doxorubicin for the degradable motors, while the
motors lacking the disulfide bridge were staying intact.
Another approach to release cargo is not by destroying the stomatocytes, but by changing
their morphology, which leads to a release of cargo. The cargo is in this case not loaded in
the inner polymersome core, but inside the stomatocyte cavity. Here, the cargo is in contact
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with the outer environment and can be released by opening the stomatocyte neck.
Manipulation of the shape can be done by magnetic fields, since polystyrene is diamagnetic
and it has a high anisotropic susceptibility in high magnetic fields.54 When a magnetic field
was applied to a stomatocyte solution containing a plasticizing organic solvent, a
deformation was observed from an overall spherical stomatocyte structure to an elongated
stomatocyte. Such a deformation is a result of the phenyl groups present in the PS backbone,
which has a preference to align perpendicular to the applied magnetic field. Upon applying
a magnetic field, first, the stomatocytes aligned because of the anisotropic distribution of the
polymer orientations. Subsequently, the polymers itself aligned perpendicular to the
magnetic field, inducing a change in morphology. This alignment resulted in a more
stretched, elongated morphology and opened up the neck. The morphological change is
completely reversible and dependent on the magnetic field strength, stronger fields result in
a larger opening. This method allows for cargo to be captured and released at will and results
in a more subtle release than the destruction of the whole system. However, the drawback
of this system is the use of high magnetic fields.
Active delivery
The next step is to obtain active delivery of the cargo to the desired location. Despite the
disadvantages, the vast majority of drug delivery vehicles and their research is focused on
passive delivery, which is slow and non-specific. Enhanced uptake was already observed for
non-functionalized active particles (nanomotors in presence of fuel) compared to non-active
particles (nanomotors without fuel) due to a higher chance of interaction, Figure 5Bi-ii. We
functionalized stomatocyte nanomotors with a cell penetrating peptide, trans-activator of
transcription (tat),94 which ensured active uptake of our nanomotors into the cells. Cell
experiments showed enhanced uptake of tat-functionalized nanomotors compared to nonfunctionalized nanomotors, due not only to their cell penetrating abilities but also to their
associated motion, Figure 5Biii-iv. Having both an active system as well as an active uptake
mechanism will result in fast and efficient cell penetration. This approach will ensure uptake
into cells, yet, reaching the diseased cells is a different problem. Until now, drug delivery is
mostly passive utilizing the enhanced permeation and retention (EPR) effect. This effect is a
result of the leaky blood vessels around a tumor which enhances the entry and accumulation
of nutrients as well as drugs.96 We investigated an enhanced EPR effect to reach cancer tissue
by the exploitation of the nanomotors chemotactic behavior towards higher fuel
concentrations,97 as explained earlier. A model was made from a double-layer microslide
consisting of an upper and bottom chamber separated by a porous membrane seeded with
endothelial cells. The upper chamber was filled with nanomotors based on polymersomes
having a platinum patch, while the bottom chamber was filled with either hydrogen peroxide
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Figure 5. A. Biodegradable hybrid nanomotor system, stomatocytes made from mixture of PEG-PCL and PEG-PS. i.
Cryo-SEM image of non-biodegradable PEG-PS stomatocytes. ii. Cryo-SEM image of hybrid biodegradable PEGPS:PEG-PCL stomatocytes after pore formation. The bottom graph shows increased release of cargo for vesicles that
have a higher percentage of PEG-PCL at low pH. Adapted with permission from ref. 66. Copyright 2017 American
Chemical Society. B. Stomatocyte functionalized with cell penetration tat-peptide. Fluorescent and bright-field
image of cell uptake for non-active (i) and active (ii) particles and non-active tat-functionalized (iii) and active tatfunctionalized (iv) particles and the corresponding graph showing fluorescent intensity. Active tat-functionalized
particles showed increased uptake over non-active non-functionalized particles. Adapted from ref. 94 with
permission from The Royal Society of Chemistry. Copyright 2017 Royal Society of Chemistry. C. Polymersome
nanomotors show enhanced EPR effect. Fluorescent confocal z-stacks show accumulation of active particles in the
hydrogen peroxide rich bottom chamber, while this is to a lesser extent with water or with non-active particles.
Adapted from ref. 97 with permission from John Wiley & Sons. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.

or water. In the presence of hydrogen peroxide the nanomotors accumulated twice as fast
in the bottom chamber than in the presence of water. This shows that using motors as drug
delivery system can result in an enhanced accumulation of the drug inside the tumor.

Conclusions and Future Perspectives
In this perspective, we highlighted the crucial steps to fabricate active and adaptive
locomotive systems for the use in biomedical applications and our approach to reach this
goal. These include asymmetry, which is required for the formation of motors and can be
obtained by the self-assembly of different amphiphilic block-copolymers into different
shapes, and the incorporation of enzymes or other catalysts that transform passive vesicles
into autonomous motors. We succeeded in gaining control over motion, directionality and
speed and explored the possibilities of drug release and active targeting. We showed that
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self-assembled autonomous particles are not only capable of carrying a cargo but also move
directionally in the presence of a gradient of signaling molecules produced by cells,
transporting, thus, actively the cargo towards the cells producing fuel. Additionally the
supramolecular nanomotors are interacting differently with cells compared with passive
particles and are taken up faster. While blood provides good circulation of the nanocarriers
at elevated speeds regardless if they are passive or active, it is the interstitial tissue where
locomotive particles can help to facilitate crossing of the last barriers, which is a challenge in
current delivery applications. Additionally supramolecular nanomotors were demonstrated
to facilitate enhanced EPR effect, spreading faster towards the signaling molecules compared
to passive carriers.
Despite all the progress in the micro- and nanomotor field during the past years, there are
still challenges to overcome and questions to be answered, both regarding their mechanism
of motion and movement in crowded environment but also towards their feasibility for
applications in the biomedical field. This goal is coming slowly closer, however, most of the
nanomotor systems are not at all or only partly biocompatible, utilizing toxic fuels for
propulsion. The challenge is thus to construct fully biocompatible and biodegradable motors
that can move directionally via chemotaxis in complex and crowded biological environments
and at biological relevant fuel concentrations which are much lower than what has been
studied so far. Another challenge is to have all these functionalities combined in one active
delivery system while moving in biological fluids. Until now, most research has been done in
water or buffer. However, bodily fluids have a complex composition of many different
substituents that will affect motion but could also affect other functionalities such as
targeting.
Another question that remains is a more fundamental one. What is the exact underlying
mechanism of motion and how can we control the motion, directionality and speed at the
nanoscale in complex environments? This depends on different aspects of the motors, such
as size and the materials it is made of. This is an experimentally difficult question when
dealing with nanomotors, because most of the analysis techniques, such as light scattering,
are indirect. This challenge makes it even more interesting to answer this question. When
the mechanism of motion is clear and completely understood, we can more easily
manipulate the system and this will help overcome challenges and reach goals that are still
ahead. The recently published hydrogel micromotors from our group will be used for this
goal, to gain more insight in the mechanism of motion and how to control this.

29

1

Chapter 1

Outline of the Thesis
Nanomotors from our group have been studied intensively using different polymers and
catalysts, however, their small size makes them challenging to analyze. Structural aspects can
only be analyzed using static techniques, such as electron microscopy, while motion can only
be analyzed using light scattering techniques. Techniques combining direct nanoscale
visualization in dynamic environments are on the rise, but they are not yet widely available,
which makes it difficult to directly relate structural properties to motion. To overcome this
problem, we propose a micromotor design to mimic the shape of our previously reported
nanomotors. Since such micron-sized particles are easy to visualize with bright field
microscopy we can directly study the influence of different structural aspects on motion.
Here, we keep in mind the requirements needed for mimicking biological motors, which are
the use of soft, biocompatible materials and a bottom-up design. We utilize bottom-up, selfassembly of complex, aqueous emulsions via microfluidic techniques. To this end, we review
the evolution of aqueous-phase-separation (APS) from traditional bulk separation to
complex, multiphase, aqueous emulsions in Chapter 2. We investigate the phenomenon of
APS and its use in microfluidic set-ups starting from APS jets and all-aqueous emulsions
towards more complex APS double emulsions and induced phase separation of multiphase
emulsions.
The most crucial requirement for micro- and nanomotors is asymmetry, in our system this is
asymmetry in shape. Therefore, we start with the design of the asymmetrical shape of our
micromotor. Using a microfluidic chip, we generate aqueous double emulsions of which at
least one phase is polymerizable. We investigate multiple materials, APS-combination and
crosslinking methods to obtain different asymmetrical structures in Chapter 3.
These asymmetrical microbeads are transformed into micromotors upon incorporation of a
catalyst. As a proof of concept, we incorporate the enzyme catalase within the asymmetrical
microgel in Chapter 4. Catalase allows for the decomposition of hydrogen peroxide, the fuel,
into water and propelling oxygen. This decomposition reaction propels the micromotors
forward and the influence of fuel concentration on speed is investigated.
Many other aspects influence the speed and trajectories of micromotors, such as the degree
of asymmetry, surface roughness and the nature of the catalyst. An extended study on
motion using different APS-systems as base for micromotors is executed, with which all three
structural aspects and their influence on motion are studied in Chapter 5.
Asymmetry is the key requirement for the design of micromotors. In previous chapters we
focus on asymmetry in the motor’s shape, however, asymmetry in catalyst distribution is
possible as well. The latter is easily achieved for inorganic catalysts by simply sputtering the
active material onto the microbead. Unfortunately, this is impossible for biocatalysts.
Complex functionalization of both enzyme and surface are commonly necessary to obtain
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localization. In Chapter 6, we propose a simple method to obtain spatial control over catalyst
distribution within the asymmetrical design without the need for functionalization.
Chapter 7 provides future perspectives for the micromotor model system described in this
thesis. It contains several ideas and initial results for further research on how to improve the
micromotor design and gain more knowledge about the mechanism of motion of micro- and
nanomotors.

Acknowledgement
We acknowledge financial support from the NWO Chemische Wetenschappen VIDI Grant
723.015.001. DAW acknowledges support from the ERC Starting Grant 307679 StomaMotors
and Ministry of Education, Culture and Science (Gravitation program 024.001.035). We
would like to thank all members of the Systems Chemistry department for their contributions
to this field and their valuable discussions.

31

1

Chapter 1

References
(1)
(2)
(3)

(4)
(5)

(6)

(7)
(8)
(9)
(10)
(11)

(12)
(13)
(14)
(15)
(16)

(17)
(18)

(19)

32

Nissen, P.; Hansen, J.; Ban, N.; Moore, P. B.; Steitz, T. A., The Structural Basis of Ribosome Activity in Peptide
Bond Synthesis. Science 2000, 289 (5481), 920-930.
Vale, R. D.; Funatsu, T.; Pierce, D. W.; Romberg, L.; Harada, Y.; Yanagida, T., Direct observation of single kinesin
molecules moving along microtubules. Nature 1996, 380 (6573), 451-453.
Giorgio, V.; von Stockum, S.; Antoniel, M.; Fabbro, A.; Fogolari, F.; Forte, M.; Glick, G. D.; Petronilli, V.; Zoratti,
M.; Szabó, I.; Lippe, G.; Bernardi, P., Dimers of mitochondrial ATP synthase form the permeability transition
pore. Proc. Natl. Acad. Sci. 2013, 110 (15), 5887-5892.
Kulago, A. A.; Mes, E. M.; Klok, M.; Meetsma, A.; Brouwer, A. M.; Feringa, B. L., Ultrafast Light-Driven
Nanomotors Based on an Acridane Stator. J. Org. Chem. 2010, 75 (3), 666-679.
Kudernac, T.; Ruangsupapichat, N.; Parschau, M.; Macia, B.; Katsonis, N.; Harutyunyan, S. R.; Ernst, K.-H.;
Feringa, B. L., Electrically driven directional motion of a four-wheeled molecule on a metal surface. Nature
2011, 479 (7372), 208-211.
Cnossen, A.; Pijper, D.; Kudernac, T.; Pollard, M. M.; Katsonis, N.; Feringa, B. L., A Trimer of Ultrafast
Nanomotors: Synthesis, Photochemistry and Self-Assembly on Graphite. Chem. Eur. J. 2009, 15 (12), 27682772.
Feringa, B. L.; van Delden, R. A.; Koumura, N.; Geertsema, E. M., Chiroptical Molecular Switches. Chem. Rev.
2000, 100 (5), 1789-1816.
Kelly, T. R.; Tellitu, I.; Sestelo, J. P., In Search of Molecular Ratchets. Angew. Chem., Int. Ed. Engl. 1997, 36 (17),
1866-1868.
Demirok, U. K.; Laocharoensuk, R.; Manesh, K. M.; Wang, J., Ultrafast Catalytic Alloy Nanomotors. Angew.
Chem., Int. Ed. 2008, 47 (48), 9349-9351.
Laocharoensuk, R.; Burdick, J.; Wang, J., Carbon-Nanotube-Induced Acceleration of Catalytic Nanomotors.
ACS Nano 2008, 2 (5), 1069-1075.
Garcia-Gradilla, V.; Orozco, J.; Sattayasamitsathit, S.; Soto, F.; Kuralay, F.; Pourazary, A.; Katzenberg, A.; Gao,
W.; Shen, Y.; Wang, J., Functionalized Ultrasound-Propelled Magnetically Guided Nanomotors: Toward
Practical Biomedical Applications. ACS Nano 2013, 7 (10), 9232-9240.
Liu, R.; Sen, A., Autonomous Nanomotor Based on Copper–Platinum Segmented Nanobattery. J. Am. Chem.
Soc. 2011, 133 (50), 20064-20067.
Kline, T. R.; Paxton, W. F.; Mallouk, T. E.; Sen, A., Catalytic Nanomotors: Remote-Controlled Autonomous
Movement of Striped Metallic Nanorods. Angew. Chem. 2005, 117 (5), 754-756.
Schattling, P.; Thingholm, B.; Städler, B., Enhanced Diffusion of Glucose-Fueled Janus Particles. Chem. Mater.
2015, 27 (21), 7412-7418.
Xuan, M.; Shao, J.; Lin, X.; Dai, L.; He, Q., Self-Propelled Janus Mesoporous Silica Nanomotors with Sub-100
nm Diameters for Drug Encapsulation and Delivery. ChemPhysChem 2014, 15 (11), 2255-2260.
Ashton, P. R.; Ballardini, R.; Balzani, V.; Baxter, I.; Credi, A.; Fyfe, M. C. T.; Gandolfi, M. T.; Gómez-López, M.;
Martínez-Díaz, M. V.; Piersanti, A.; Spencer, N.; Stoddart, J. F.; Venturi, M.; White, A. J. P.; Williams, D. J.,
Acid−Base Controllable Molecular Shuttles. J. Am. Chem. Soc. 1998, 120 (46), 11932-11942.
Wilson, D. A.; Nolte, R. J. M.; van Hest, J. C. M., Entrapment of Metal Nanoparticles in Polymer Stomatocytes.
J. Am. Chem. Soc. 2012, 134 (24), 9894-9897.
Burdick, J.; Laocharoensuk, R.; Wheat, P. M.; Posner, J. D.; Wang, J., Synthetic Nanomotors in Microchannel
Networks: Directional Microchip Motion and Controlled Manipulation of Cargo. J. Am. Chem. Soc. 2008, 130
(26), 8164-8165.
Soto, F.; Wagner, G. L.; Garcia-Gradilla, V.; Gillespie, K. T.; Lakshmipathy, D. R.; Karshalev, E.; Angell, C.; Chen,
Y.; Wang, J., Acoustically propelled nanoshells. Nanoscale 2016, 8 (41), 17788-17793.

General Introduction

(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)

(33)

(34)
(35)
(36)
(37)
(38)
(39)
(40)
(41)
(42)

Manesh, K. M.; Cardona, M.; Yuan, R.; Clark, M.; Kagan, D.; Balasubramanian, S.; Wang, J., Template-Assisted
Fabrication of Salt-Independent Catalytic Tubular Microengines. ACS Nano 2010, 4 (4), 1799-1804.
Wang, W.; Duan, W.; Sen, A.; Mallouk, T. E., Catalytically powered dynamic assembly of rod-shaped
nanomotors and passive tracer particles. Proc. Natl. Acad. Sci. 2013, 110 (44), 17744-17749.
Koumura, N.; Zijlstra, R. W. J.; van Delden, R. A.; Harada, N.; Feringa, B. L., Light-driven monodirectional
molecular rotor. Nature 1999, 401 (6749), 152-155.
Van Delden, R. A.; Ter Wiel, M. K.; Pollard, M. M.; Vicario, J.; Koumura, N.; Feringa, B. L., Unidirectional
molecular motor on a gold surface. Nature 2005, 437 (7063), 1337.
Eelkema, R.; Pollard, M. M.; Vicario, J.; Katsonis, N.; Ramon, B. S.; Bastiaansen, C. W.; Broer, D. J.; Feringa, B.
L., Molecular machines: nanomotor rotates microscale objects. Nature 2006, 440 (7081), 163.
Lin, C.; Ke, Y.; Liu, Y.; Mertig, M.; Gu, J.; Yan, H., Functional DNA Nanotube Arrays: Bottom-Up Meets TopDown. Angew. Chem., Int. Ed. 2007, 46 (32), 6089-6092.
Cheng, J. Y.; Ross, C. A.; Smith, H. I.; Thomas, E. L., Templated self-assembly of block copolymers: top-down
helps bottom-up. Adv. Mater. 2006, 18 (19), 2505-2521.
Wu, Y.; Lin, X.; Wu, Z.; Möhwald, H.; He, Q., Self-propelled polymer multilayer Janus capsules for effective
drug delivery and light-triggered release. ACS Appl. Mater. Interfaces 2014, 6 (13), 10476-10481.
Hawthorne, M. F.; Zink, J. I.; Skelton, J. M.; Bayer, M. J.; Liu, C.; Livshits, E.; Baer, R.; Neuhauser, D., Electrical
or Photocontrol of the Rotary Motion of a Metallacarborane. Science 2004, 303 (5665), 1849-1851.
Badjić, J. D.; Balzani, V.; Credi, A.; Silvi, S.; Stoddart, J. F., A Molecular Elevator. Science 2004, 303 (5665), 18451849.
Wilson, D. A.; Nolte, R. J. M.; van Hest, J. C. M., Autonomous movement of platinum-loaded stomatocytes.
Nat. Chem. 2012, 4 (4), 268-274.
Abdelmohsen, L. K. E. A.; Rikken, R. S. M.; Christianen, P. C. M.; van Hest, J. C. M.; Wilson, D. A., Shape
characterization of polymersome morphologies via light scattering techniques. Polymer 2016, 107, 445-449.
Rikken, R. S. M.; Kerkenaar, H. H. M.; Nolte, R. J. M.; Maan, J. C.; van Hest, J. C. M.; Christianen, P. C. M.;
Wilson, D. A., Probing morphological changes in polymersomes with magnetic birefringence. Chem. Commun.
2014, 50 (40), 5394-5396.
Keller, S.; Teora, S. P.; Hu, G. X.; Nijemeisland, M.; Wilson, D. A., High-Throughput Design of Biocompatible
Enzyme-Based Hydrogel Microparticles with Autonomous Movement. Angew. Chem., Int. Ed. 2018, 57 (31),
9814-9817.
Abdelmohsen, L. K. E. A.; Peng, F.; Tu, Y.; Wilson, D. A., Micro- and nano-motors for biomedical applications.
J. Mater. Chem. B 2014, 2 (17), 2395-2408.
Wong, F.; Dey, K. K.; Sen, A., Synthetic Micro/Nanomotors and Pumps: Fabrication and Applications. Annu.
Rev. Mater. Res. 2016, 46 (1), 407-432.
Karshalev, E.; Esteban-Fernández de Ávila, B.; Wang, J., Micromotors for “Chemistry-on-the-Fly”. J. Am. Chem.
Soc. 2018, 140 (11), 3810-3820.
Cheng, C.; Stoddart, J. F., Wholly Synthetic Molecular Machines. ChemPhysChem 2016, 17 (12), 1780-1793.
Kassem, S.; van Leeuwen, T.; Lubbe, A. S.; Wilson, M. R.; Feringa, B. L.; Leigh, D. A., Artificial molecular motors.
Chem. Soc. Rev. 2017, 46 (9), 2592-2621.
Petrosko, S. H.; Johnson, R.; White, H.; Mirkin, C. A., Nanoreactors: Small Spaces, Big Implications in
Chemistry. J. Am. Chem. Soc. 2016, 138 (24), 7443-7445.
Deraedt, C.; Astruc, D., Supramolecular nanoreactors for catalysis. Coord. Chem. Rev. 2016, 324, 106-122.
Marguet, M.; Bonduelle, C.; Lecommandoux, S., Multicompartmentalized polymeric systems: towards
biomimetic cellular structure and function. Chem. Soc. Rev. 2013, 42 (2), 512-529.
Abdelmohsen, L. K. E. A.; Nijemeisland, M.; Pawar, G. M.; Janssen, G.-J. A.; Nolte, R. J. M.; van Hest, J. C. M.;
Wilson, D. A., Dynamic Loading and Unloading of Proteins in Polymeric Stomatocytes: Formation of an
Enzyme-Loaded Supramolecular Nanomotor. ACS Nano 2016, 10 (2), 2652-2660.

33

1

Chapter 1

(43)
(44)

(45)

(46)
(47)
(48)

(49)

(50)
(51)
(52)
(53)
(54)

(55)
(56)
(57)
(58)
(59)
(60)

(61)
(62)

34

Lee, J. S.; Feijen, J., Polymersomes for drug delivery: Design, formation and characterization. J. Control.
Release 2012, 161 (2), 473-483.
Ghoroghchian, P. P.; Frail, P. R.; Susumu, K.; Blessington, D.; Brannan, A. K.; Bates, F. S.; Chance, B.; Hammer,
D. A.; Therien, M. J., Near-infrared-emissive polymersomes: Self-assembled soft matter for in vivo optical
imaging. Proc. Natl. Acad. Sci. 2005, 102 (8), 2922-2927.
Martino, C.; Kim, S.-H.; Horsfall, L.; Abbaspourrad, A.; Rosser, S. J.; Cooper, J.; Weitz, D. A., Protein Expression,
Aggregation, and Triggered Release from Polymersomes as Artificial Cell-like Structures. Angew. Chem., Int.
Ed. 2012, 51 (26), 6416-6420.
Liu, F.; Eisenberg, A., Preparation and pH Triggered Inversion of Vesicles from Poly(acrylic Acid)-blockPolystyrene-block-Poly(4-vinyl Pyridine). J. Am. Chem. Soc. 2003, 125 (49), 15059-15064.
Adams, D. J.; Adams, S.; Atkins, D.; Butler, M. F.; Furzeland, S., Impact of mechanism of formation on
encapsulation in block copolymer vesicles. J Control. Release 2008, 128 (2), 165-170.
Abdelmohsen, L. K. E. A.; Williams, D. S.; Pille, J.; Ozel, S. G.; Rikken, R. S. M.; Wilson, D. A.; van Hest, J. C. M.,
Formation of Well-Defined, Functional Nanotubes via Osmotically Induced Shape Transformation of
Biodegradable Polymersomes. J. Am. Chem. Soc. 2016, 138 (30), 9353-9356.
Rikken, R. S. M.; Engelkamp, H.; Nolte, R. J. M.; Maan, J. C.; van Hest, J. C. M.; Wilson, D. A.; Christianen, P. C.
M., Shaping polymersomes into predictable morphologies via out-of-equilibrium self-assembly. Nat.
Commun. 2016, 7, 12606.
Moughton, A. O.; Patterson, J. P.; O'Reilly, R. K., Reversible morphological switching of nanostructures in
solution. Chem. Commun. 2011, 47 (1), 355-357.
Qin, S.; Geng, Y.; Discher, D. E.; Yang, S., Temperature-Controlled Assembly and Release from Polymer Vesicles
of Poly(ethylene oxide)-block- poly(N-isopropylacrylamide). Adv. Mater. 2006, 18 (21), 2905-2909.
Yan, Q.; Zhou, R.; Fu, C.; Zhang, H.; Yin, Y.; Yuan, J., CO2-Responsive Polymeric Vesicles that Breathe. Angew.
Chem., Int. Ed. 2011, 50 (21), 4923-4927.
Schmuck, C.; Rehm, T.; Klein, K.; Gröhn, F., Formation of Vesicular Structures through the Self-Assembly of a
Flexible Bis-Zwitterion in Dimethyl Sulfoxide. Angew. Chem., Int. Ed. 2007, 46 (10), 1693-1697.
van Rhee, P. G.; Rikken, R. S. M.; Abdelmohsen, L. K. E. A.; Maan, J. C.; Nolte, R. J. M.; van Hest, J. C. M.;
Christianen, P. C. M.; Wilson, D. A., Polymersome magneto-valves for reversible capture and release of
nanoparticles. Nat. Commun. 2014, 5, 5010.
Lecommandoux, S.; Sandre, O.; Chécot, F.; Rodriguez-Hernandez, J.; Perzynski, R., Magnetic Nanocomposite
Micelles and Vesicles. Adv. Mater. 2005, 17 (6), 712-718.
Le Meins, J.-F.; Sandre, O.; Lecommandoux, S., Recent trends in the tuning of polymersomes’ membrane
properties. Eur. Phys. J. E. 2011, 34 (2), 14.
Yuan, H.; Huang, C.; Zhang, S., Dynamic shape transformations of fluid vesicles. Soft Matter 2010, 6 (18), 45714579.
Liu, G.-Y.; Chen, C.-J.; Ji, J., Biocompatible and biodegradable polymersomes as delivery vehicles in biomedical
applications. Soft Matter 2012, 8 (34), 8811-8821.
Meng, F.; Hiemstra, C.; Engbers, G. H. M.; Feijen, J., Biodegradable Polymersomes. Macromolecules 2003, 36
(9), 3004-3006.
Zweers, M. L. T.; Engbers, G. H. M.; Grijpma, D. W.; Feijen, J., In vitro degradation of nanoparticles prepared
from polymers based on dl-lactide, glycolide and poly(ethylene oxide). J. Control. Release 2004, 100 (3), 347356.
Che, H.; van Hest, J. C. M., Stimuli-responsive polymersomes and nanoreactors. J. Mater. Chem. B 2016, 4
(27), 4632-4647.
Meng, F.; Zhong, Z.; Feijen, J., Stimuli-Responsive Polymersomes for Programmed Drug Delivery.
Biomacromolecules 2009, 10 (2), 197-209.

General Introduction

(63)
(64)

(65)

(66)
(67)
(68)
(69)
(70)
(71)
(72)

(73)
(74)
(75)
(76)
(77)
(78)
(79)

(80)
(81)
(82)
(83)

Onaca, O.; Enea, R.; Hughes, D. W.; Meier, W., Stimuli-Responsive Polymersomes as Nanocarriers for Drug
and Gene Delivery. Macromol. Biosci. 2009, 9 (2), 129-139.
Checot, F.; Lecommandoux, S.; Klok, H.-A.; Gnanou, Y., From supramolecular polymersomes to stimuliresponsive nano-capsules based on poly (diene-b-peptide) diblock copolymers. Eur. Phys. J. E. 2003, 10 (1),
25-35.
Kim, K. T.; Zhu, J.; Meeuwissen, S. A.; Cornelissen, J. J. L. M.; Pochan, D. J.; Nolte, R. J. M.; van Hest, J. C. M.,
Polymersome Stomatocytes: Controlled Shape Transformation in Polymer Vesicles. J. Am. Chem. Soc. 2010,
132 (36), 12522-12524.
Tu, Y.; Peng, F.; André, A. A.; Men, Y.; Srinivas, M.; Wilson, D. A., Biodegradable hybrid stomatocyte
nanomotors for drug delivery. ACS nano 2017, 11 (2), 1957-1963.
Toebes, B. J.; Abdelmohsen, L. K.; Wilson, D. A., Enzyme-driven biodegradable nanomotor based on tubularshaped polymeric vesicles. Polym. Chem. 2018, 9 (23), 3190-3194.
Brinkhuis, R. P.; Rutjes, F. P.; van Hest, J. C., Polymeric vesicles in biomedical applications. Polym. Chem. 2011,
2 (7), 1449-1462.
Seifert, U., Configurations of fluid membranes and vesicles. Adv. Phys. 1997, 46 (1), 13-137.
Pijpers, I. A.; Abdelmohsen, L. K.; Williams, D. S.; van Hest, J. C., Morphology under control: engineering
biodegradable stomatocytes. ACS Macro Lett. 2017, 6 (11), 1217-1222.
Men, Y.; Li, W.; Janssen, G.-J.; Rikken, R. S.; Wilson, D. A., Stomatocyte in Stomatocyte: A New Shape of
Polymersome Induced via Chemical-Addition Methodology. Nano Lett. 2018, 18 (3), 2081-2085.
Kolhar, P.; Anselmo, A. C.; Gupta, V.; Pant, K.; Prabhakarpandian, B.; Ruoslahti, E.; Mitragotri, S., Using shape
effects to target antibody-coated nanoparticles to lung and brain endothelium. Proc. Natl. Acad. Sci. 2013,
110 (26), 10753-10758.
Sorrenti, A.; Leira-Iglesias, J.; Markvoort, A. J.; de Greef, T. F.; Hermans, T. M., Non-equilibrium supramolecular
polymerization. Chem. Soc. Rev. 2017, 46 (18), 5476-5490.
Meeuwissen, S. A.; Kim, K. T.; Chen, Y.; Pochan, D. J.; van Hest, J. C., Controlled shape transformation of
polymersome stomatocytes. Angew. Chem. 2011, 123 (31), 7208-7211.
Magdanz, V.; Stoychev, G.; Ionov, L.; Sanchez, S.; Schmidt, O. G., Stimuli-Responsive Microjets with
Reconfigurable Shape. Angew. Chem., Int. Ed. 2014, 53 (10), 2673-2677.
Ma, X.; Wang, X.; Hahn, K.; Sanchez, S., Motion Control of Urea-Powered Biocompatible Hollow
Microcapsules. Acs Nano 2016, 10 (3), 3597-3605.
Tu, Y.; Peng, F.; Sui, X.; Men, Y.; White, P. B.; van Hest, J. C. M.; Wilson, D. A., Self-propelled supramolecular
nanomotors with temperature-responsive speed regulation. Nat. Chem. 2016, 9, 480.
Schild, H. G., Poly(N-isopropylacrylamide): experiment, theory and application. Prog. Polym. Sci. 1992, 17 (2),
163-249.
Wlassoff, W. A.; Albright, C. D.; Sivashinski, M. S.; Ivanova, A.; Appelbaum, J. G.; Salganik, R. I., Hydrogen
peroxide overproduced in breast cancer cells can serve as an anticancer prodrug generating apoptosisstimulating hydroxyl radicals under the effect of tamoxifen-ferrocene conjugate. J. Pharm. Pharmacol. 2007,
59 (11), 1549-1553.
Sanchez, S.; Ananth, A. N.; Fomin, V. M.; Viehrig, M.; Schmidt, O. G., Superfast Motion of Catalytic Microjet
Engines at Physiological Temperature. J. Am. Chem. Soc. 2011, 133 (38), 14860-14863.
Solovev, A. A.; Smith, E. J.; Bof ' Bufon, C. C.; Sanchez, S.; Schmidt, O. G., Light-Controlled Propulsion of
Catalytic Microengines. Angew. Chem., Int. Ed. 2011, 50 (46), 10875-10878.
Hong, Y.; Velegol, D.; Chaturvedi, N.; Sen, A., Biomimetic behavior of synthetic particles: from microscopic
randomness to macroscopic control. Phys. Chem. Chem. Phys. 2010, 12 (7), 1423-1435.
Peng, F.; Tu, Y.; van Hest, J. C. M.; Wilson, D. A., Self-Guided Supramolecular Cargo-Loaded Nanomotors with
Chemotactic Behavior towards Cells. Angew. Chem., Int. Ed. 2015, 54 (40), 11662-11665.

35

1

Chapter 1

(84)
(85)
(86)
(87)
(88)

(89)
(90)
(91)
(92)
(93)
(94)
(95)
(96)
(97)

36

Rikken, R. S. M.; Nolte, R. J. M.; Maan, J. C.; van Hest, J. C. M.; Wilson, D. A.; Christianen, P. C. M., Manipulation
of micro- and nanostructure motion with magnetic fields. Soft Matter 2014, 10 (9), 1295-1308.
Kay, R. R.; Langridge, P.; Traynor, D.; Hoeller, O., Changing directions in the study of chemotaxis. Nat. Rev.
Mol. Cell. Bio. 2008, 9 (6), 455-63.
Sengupta, S.; Dey, K. K.; Muddana, H. S.; Tabouillot, T.; Ibele, M. E.; Butler, P. J.; Sen, A., Enzyme Molecules as
Nanomotors. J. Am. Chem. Soc. 2013, 135 (4), 1406-1414.
Peng, F.; Tu, Y.; Men, Y.; van Hest, J. C. M.; Wilson, D. A., Supramolecular Adaptive Nanomotors with
Magnetotaxis Behavior. Adv. Mater. 2016, 29 (6), 1604996.
Nijemeisland, M.; Abdelmohsen, L. K. E. A.; Huck, W. T. S.; Wilson, D. A.; van Hest, J. C. M., A
Compartmentalized Out-of-Equilibrium Enzymatic Reaction Network for Sustained Autonomous Movement.
ACS Cent. Sci. 2016, 2 (11), 843-849.
Tu, Y.; Peng, F.; Adawy, A.; Men, Y.; Abdelmohsen, L. K. E. A.; Wilson, D. A., Mimicking the Cell: Bio-Inspired
Functions of Supramolecular Assemblies. Chem. Rev. 2016, 116 (4), 2023-2078.
Tanner, P.; Onaca, O.; Balasubramanian, V.; Meier, W.; Palivan, C. G., Enzymatic Cascade Reactions inside
Polymeric Nanocontainers: A Means to Combat Oxidative Stress. Chem. Eur. J. 2011, 17 (16), 4552-4560.
Schoonen, L.; van Hest, J. C. M., Compartmentalization Approaches in Soft Matter Science: From Nanoreactor
Development to Organelle Mimics. Adv. Mater. 2016, 28 (6), 1109-1128.
Garcia, M.; Orozco, J.; Guix, M.; Gao, W.; Sattayasamitsathit, S.; Escarpa, A.; Merkoci, A.; Wang, J.,
Micromotor-based lab-on-chip immunoassays. Nanoscale 2013, 5 (4), 1325-1331.
Wang, J., Cargo-towing synthetic nanomachines: Towards active transport in microchip devices. Lab. Chip.
2012, 12 (11), 1944-1950.
Peng, F.; Tu, Y.; Adhikari, A.; Hintzen, J. C. J.; Lowik, D. W. P. M.; Wilson, D. A., A peptide functionalized
nanomotor as an efficient cell penetrating tool. Chem. Commun. 2017, 53 (6), 1088-1091.
Tu, Y.; Peng, F.; White, P. B.; Wilson, D. A., Redox-Sensitive Stomatocyte Nanomotors: Destruction and Drug
Release in the Presence of Glutathione. Angew. Chem., Int. Ed. 2017, 56 (26), 7620-7624.
Fang, J.; Nakamura, H.; Maeda, H., The EPR effect: Unique features of tumor blood vessels for drug delivery,
factors involved, and limitations and augmentation of the effect. Adv. Drug Deliv. Rev. 2011, 63 (3), 136-151.
Peng, F.; Men, Y.; Tu, Y.; Chen, Y.; Wilson, D. A., Nanomotor-Based Strategy for Enhanced Penetration across
Vasculature Model. Adv. Funct. Mater. 2018, 1706117.

General Introduction

1

37

38

2. Exploring New Horizons of Liquid Compartmentalization
via Microfluidics

Chapter 2

Exploring New Horizons of Liquid Compartmentalization via Microfluidics

Chapter 2
Exploring New Horizons of Liquid
Compartmentaliza�on via Microﬂuidics
Shauni Keller,‡ Serena P. Teora,‡ Moussa Boujemaa,‡ Daniela A. Wilson
Manuscript Submitted

Shauni Keller,‡ Serena P. Teora,‡ Moussa Boujemaa,‡ Daniela A. Wilson
Biomacromolecules 2021, Accepted

39

Chapter 2

Abstract
Spatial organization of cellular processes is crucial to efficiently regulate life’s essential
reactions. Nature does this by compartmentalization, either using membranes, such as the
cell and nuclear membrane, or by liquid-like droplets formed by aqueous liquid-liquid phase
separation. Aqueous liquid-liquid phase separation can be divided in two different
phenomena, associative and segregative phase separation, of which both are studied for
their membraneless compartmentalization abilities. For centuries, segregative phase
separation has been used for the extraction and purification of biomolecules. With the
emergence of microfluidic techniques further exciting possibilities were explored, because
of their ability to fine tune phase separation within emulsions of various compositions and
morphologies and achieve one of the simplest forms of compartmentalization. Lately,
interest into aqueous liquid-liquid phase separation has revived due to the discovery of
membraneless phases within the cell. In this perspective we focus on segregative aqueous
phase separation, we discuss the theory of this interesting phenomenon and give an
overview of the evolution of aqueous phase separation in microfluidics.

Keywords
Aqueous Phase Separation • Microfluidics • Emulsions • Compartmentalization
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Introduction
Nature is very efficient in organizing its cellular processes. Cells are able to transport, localize
and concentrate specific compounds at their site of action, making them more readily
available. This enables them to organize and regulate life’s essential reactions, enhance their
efficiency, and control in- and outgoing fluxes. Creating compartments is a mechanism to
protect vulnerable processes in their own environment from external factors as well. This is
achieved by membranes, such as the cell and nuclear membrane, and by the presence of
liquid-like droplets within the cytoplasm, which are formed by liquid-liquid phase separation
(LLPS).1 The importance of these membraneless phases within cells has only recently been
recognized and a lot of research into their formation and functionality within the cell is still
ongoing.
Over many years, scientists have studied and designed micro- and nano-sized compartments,
aiming to develop microenvironments that can mimic the functionality of the cellular
architecture for catalysis2 or drug delivery purposes.3, 4 Different strategies have been
attempted to efficiently reproduce compartmentalization, with every approach being
unique. The first attempts to mimic the cell’s compartment were to mimic the cell as close
as possible by using lipids to form a membrane based particle. Further approaches included
the self-assembly of amphiphilic molecules in the broadest sense, including, but not limited
to, liposomes,5-7 polymersomes,7, 8 and dendrimersomes, Figure 1.9, 10 Furthermore, scientists
were able to obtain control over morphology of these membrane assemblies, which allows
for the generation of different shapes11 of which some contain multiple compartments, such
as polymer stomatocytes.12 Compartmentalization is not exclusive to membrane containing
systems. It can also be achieved via a simpler method, namely via liquid-liquid phase
separation. Two different phenomena are distinguished in LLPS, associative and segregative
phase separation, Figure 1. The former occurs for oppositely charged polyelectrolytes, which
form a polymer-rich and a polymer-poor phase, these systems are called complex
coacervates. The latter, also called aqueous phase separation (APS), is the phase separation
of two neutral polymers or polymer and salt into two phases, each enriched in one
compound and deprived in the other.
APS has been known for centuries. It was first reported in 1896 by Beijerinck, who
accidentally observed the phase separation of two aqueous solutions, i.e. gelatin/agar and
gelatin/soluble starch.13 This discovery remained trivial, until Per-Ake Albertsson rediscovered the formation of an aqueous two-phase systems (ATPS) during chloroplasts
purification.14 The application of ATPS for purification of biological materials inspired a
generation of scientists. Later on, in fact, Johansson studied “interactions, charge, isoelectric
point, hydrophobicity, purity and the presence of multiple forms of enzymes” using
partitioning in ATPSs and demonstrated the importance of such systems for the separation
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Figure 1. Different designs of micro- and nanoscale compartmentalization divided in membrane-based (left) and
membraneless system (right).

and purification of biomolecules.15 Many different ATPSs were discovered and systems up to
six phases have been generated.16 The advantage of ATPSs over classic liquid-liquid
extraction is the possibility to create a gentle aqueous environment using biocompatible and
biodegradable polymers and salts.
For many years, ATPS has been used for bulk extraction of biomolecules, such as proteins,17
enzymes,18 membranes,19 viruses,20 nucleic acids,21, 22 in biotechnological applications.23
With the emergence of microfluidic technologies, ATPS has regained the interest of many
scientists and found applications outside the scope of biomolecule extractions. ATPSs are
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finally recognized for their versatility and flexibility, as well as their suitability as a model
system for mimicking the crowded environment within cells. Microfluidics, as well as ATPS,
have evolved rapidly, starting from relatively simple set-ups generating water-in-water (w/w)
jets to creating complex multi-component emulsions with diverse applications. Here, we
focus on the use of APS in microfluidics to generate complex emulsions. First, we briefly
explain the fundamentals of APS, after which we continue with APS in microfluidics, starting
from simple ATPS jets and emulsions to complex multiphase droplets.

Fundamentals of Aqueous Phase Separation
The most common APS systems consist of aqueous solutions of two or more incompatible
polymers or polymer and salts above a critical concentration which is dependent on the
compounds used. Other APS systems include ionic liquids, short chain alcohols or even
surfactants, Figure 2.16 These mixtures separate into two liquid phases, which are in
equilibrium, each phase is enriched in one of the respective forming components. Water
remains the main component (88-99%) of both phases in ATPS which ensures a
biocompatible and gentle environment for separation and fractionation of biomolecules.
Polymer-Polymer ATPS
The phase separation in polymer mixtures is very common and based on steric exclusion,
which is related to the concentration and molecular weight of the polymers.24 The demixing
process, found in polymer-polymer solvent systems, is driven by the enthalpy related to the

Figure 2. Overview of different compounds, including polymers, salts and surfactants, which form aqueous-phaseseparated systems. Reprinted with permission from ref 16. Copyright 2012 American Chemical Society.
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interactions of the solvent with the different components. 25 Even though there is a loss in
entropy due to phase separation, the gain in enthalpy is higher. Water, as a solvent, has many
non-covalent interactions with the polymers. Since these interactions increase proportionally
with the size of the molecules, phase separation occurs at low concentrations for high
molecular weight polymers.26 As a result, polymers in a polymer-polymer system start
forming aggregates and eventually separate in two different phases. The most frequently
made biphasic polymer-polymer systems have been those of poly(ethylene glycol) (PEG) and
dextran.
Polymer-Salt ATPS
Similar exclusion phenomena can be observed in polymer-salt systems, however, they are
based on a different phenomenon.17 In such a system, the salt absorbs large amounts of
water which induces phase separation. This phase behavior is influenced by the
concentration and the type of salt.27, 28 In the most common polymer-salt systems the salts
are phosphates, sulfates or citrates. Usually, an adequately high concentration of salt in these
systems is necessary to induce phase separation, generating a salt-rich bottom phase
coexisting with a polymer-rich top phase. The ability of the salt to promote phase separation
follows the Hofmeister series, a classification of ions based on their salting-out ability, of
which multivalent anions, such as HPO42- and SO42-, are the most efficient in inducing phase
separation with PEG.29 However, the exact mechanism through which salts influence the
phase separation in ATPS is still poorly understood.
Single Polymer ATPS
An ATPS can even be formed from a singular polymer by inducing thermo-separation. This
happens when a polymer has a decreased solubility in water above a certain temperature.
These thermo-responsive polymers have a lower critical solution temperature (LCST) above
which they become increasingly hydrophobic. This induces aggregation of the polymer in
globules and will result in a water-rich top phase and a polymer-rich bottom phase. Many
thermo-separating polymers contain ethylene oxide and propylene oxide because of their
low LCST.30, 31 One of the most appealing thermo-responsive polymers is poly(N-isopropyl
acrylamide) (PNIPAM) which shows a sharp LCST transition in an aqueous environment near
32 °C. At the temperature-induced demixing transition, individual molecules of PNIPAM are
highly sensitive to temperature changes due to their coordinated dehydration process during
heating.32 When passing the LCST, phase separation is caused by the partial dehydration of
polymer chains which collapse and aggregate into polymer-rich domains undergoing a coilto-globule transition in water. During this reversible transition, the amount of bound water
decreases as a result of new intra- and inter-chain hydrogen bonds formation. Due to its
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biocompatibility, its LCST being close to body temperature and its sharp transition, it is an
often studied polymer for biomedical applications.
ATPS in a Phase Diagram
Each two-phase system can be characterized by its unique phase diagram which, like a
fingerprint, shows the potential working area of the ATPS. A phase diagram indicates the
point at which concentration the solution acts as a homogenous mixture and at which
concentration the solution phase-separates, this is unique for each system under specific
conditions. The binodal curve distinguishes the homogeneously mixed region, below the
binodal curve, from the phase separated region, above the binodal curve, Figure 3. Above
the critical concentration curve, two separate aqueous phases form, enriched in one material
and deficient in the other. A tie line connects the two coexisting phases and represents the
overall composition of the system. The intersection with the binodal curve marks the
concentration of each of the polymers for the top (A) and bottom (B) phase. All points on this

Figure 3. Schematic representation of phase diagram. Aqueous two-phase system is formed for concentrations
above the binodal curve (ABC), while below the binodal curve a homogeneous mixture is formed.
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line correspond to the same equilibrium composition of phases but in different volume
ratios. At the critical point C, the composition of both phases is identical, resulting in a single
homogeneous phase. Close to the binodal curve the system is sensitive to additives and
changes in the environment, such as the addition of salt or change in temperature, which
can affect the ATPS formation and composition. Besides concentration, molecular weight
influences phase separation greatly. At higher molecular weights, steric exclusion will be
stronger and lower concentrations are needed to induce APS. Moreover, the difference in
molecular size between the two polymers affects the shape of the binodal curve. A larger
difference will result in a more asymmetric phase diagram. In addition, temperature has a
great effect on phase separation and is therefore important to keep as constant as possible.
Concerning polymer-polymer systems, phase separation occurs more easily at lower
temperatures, while polymer-salt systems exhibit the opposite.

APS in Microfluidics
ATPSs have been used extensively for batch extraction of biomolecules because of their mild
conditions. A sample, such as enzymes, can be extracted from one aqueous phase by mixing
it with another incompatible aqueous phase. By generating an emulsion, partitioning takes
place due to the high surface to volume ratio. The lack of control over emulsion size and the
resulting low efficiency of batch processing is a major drawback of this method. The
emergence of microfluidic techniques allows for high-throughput processing and strict
control over contact area of the immiscible phases. Microfluidics opens up many new
possibilities for the design and use of ATPSs. Here, we discuss the generation of various ATPS
systems, ranging from simple two-phase systems to complex multiphase systems.
All aqueous microfluidics
The simplest form of ATPS in microfluidics is the formation of an ATPS jet. These jets are used
for high-throughput, continuous extraction of biomolecules.33 Two coexisting, immiscible
phases are led through a microchannel, ensuring a large surface-to-volume ratio which is
beneficial for partitioning. By decreasing the width and increasing the length of the channel
an even larger contact area is created allowing for efficient and complete partitioning of a
sample. Although w/w jets are easily formed, generation of monodisperse w/w emulsions
proved to be more difficult. This is due to the ATPS’s extremely low interfacial tension, which
results in long w/w jets or uncontrolled break-ups, generating polydisperse droplets.34
Therefore, a different approach is needed to generate ATPS droplets. Until now, two types
of techniques have been used, passive flow focusing and the application of external forces,
respectively. In both traditional applications and microfluidic set-ups, PEG and dextran ATPSs
are widely used.
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Passive generation of droplets uses traditional flow-focusing devices and techniques to
generate stable flows. Due to the low interfacial tension of two aqueous solutions, droplet
formation appears only at extremely low flow rates, which are impossible to generate using
traditional pumps. To circumvent this problem, hydrostatic or air pressure can be used to
generate these flows. The first example of passive microfluidics used hydrostatic pressure,
generated by fluid filled pipette tips, to load the solutions directly into the inlets, Figure 4A.35,
36
This ensures very low flow rates, resulting in frequent break-up of the dispersed phase by
the continuous phase, often dextran and PEG, respectively. Monodisperse droplets are
generated close to the junction, equivalent to relative high pressure for the continuous phase
and low pressure for the dispersed phase. When dextran pressure is higher, or PEG pressure
lower, the droplets are formed further from the junction, resulting in high polydispersity.
When dextran pressure is too low, no droplets are formed, since the dextran phase flows
back due to relatively high pressure of the continuous PEG phase. The droplet size can be
adjusted by changing viscosity, interfacial tension and inlet height. Hydrostatic pressure, and
thus flow rates, can be adjusted by the column height of the solution in the tip. Although this
approach is extremely simple, it has one major drawback. Upon droplet generation, the
solution level will drop and thus change the hydrostatic pressure. One of the main
advantages of microfluidics is its high-throughput production. This advantage is, however,
lost due to the low flow rates and the limited amount of solvent in the tip leading to changes
in hydrostatic pressure. To compensate for this, parallel channels can be used to increase the
output. A more sophisticated and controlled approach is the use of air pressure to drive the
flow of solution, Figure 4B.37 This method can reach flow conditions that are difficult to

Figure 4. Schematic representations of all aqueous microfluidic set-ups. A. Passive flow focusing microfluidic set-up
utilizing hydrostatic pressure via fluid filled pipette tips inserted in the inlets. Adapted with permission from ref 36.
Colloids Surf. A, 531, Mastiani, M.; Seo, S.; Jimenez, S. M.; Petrozzi, N.; Kim, M. M., Flow regime mapping of aqueous
two-phase system droplets in flow-focusing geometries, 111-120, Copyright 2017 with permission from Elsevier. B.
Passive flow focusing microfluidic set-up utilizing air pressure to obtain low flow rates. Reprinted with permission
from ref 37. Copyright 2018 American Chemical Society.
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obtain using syringe pumps or pipette tips, which need to be on the lowest and highest limit
of their abilities, respectively.
The other option is the generation of droplets by applying an external force to break-up the
stable flows. This method allows the use of normal pumps to control flow rates. Break-up of
the aqueous jet can be obtained by many different external forces, the simplest, however, is
by mechanical actuation on the tubing.38 Droplet size was found to be dependent on the
frequency of the shaker and could generate droplets reproducibly. Many other possible
external forces can be used, either on- or off-chip, such as electric or magnetic forces, these
were reviewed before and are beyond the scope of this perspective.34 The main disadvantage
of w/w emulsions is that they are highly unstable and upon coalescence will fuse together
usually shortly after their formation inside the microfluidic chip. To solve these problems, a
thin shell or a hydrogel can be generated in situ by either adsorption of aggregates onto the
surface, or a precipitation or gelation reaction at the emulsions interface.38-40 This way, stable
droplets can be generated, capable of containing their intended cargo. Although all-aqueous
microfluidics is simple in its set-up, it can be increasingly complex in its details. Higher order
emulsions are difficult to generate using w/w microfluidics, only a few examples are known
of higher order emulsions,41-43 and thus possibilities are limited.
ATPS double emulsions
In the last decade, more and more scientists rediscovered the use of ATPS in combination
with traditional oil-water microfluidics to generate complex multiphase droplets. Where
stability is a problem for w/w emulsion, water-in-oil (w/o) emulsions can be stabilized with
surfactants and thus they will not fuse together and can be easily produced, stored and even
manipulated. Simple flow focusing microfluidic chips produce single water droplets in oil.
Introduction of an extra inlet for an immiscible aqueous phase will produce an ATPS jet,
forming droplet-in-droplet morphologies upon emulsification by the oil phase, Figure 5A.
Tuning the phase separation and flow rates allow for the generation of droplets with different
ratios of phases and compound compositions, which can either be concentric or asymmetric
depending on the interfacial tension of the system, Figure 5B.44, 45 These double emulsions
can be gelated using different methods, such as chemical crosslinking 46, 47 or photoinitiated
polymerization,48, 49 which enables long-term storage in aqueous solutions. Any chemical
reaction linking two polymer strands together can, in principle, be used. The different
reactants are separated in different solutions so that, upon formation of the emulsion, the
reaction occurs, and the droplets are solidified, Figure 5C. By incorporating a polymerizable
phase, such as diacrylate funtionalized polymers, droplets can be crosslinked upon UVexposure, Figure 5A. In case of an asymmetric PEG diacrylate – dextran double emulsion, PEG
diacrylate can be selectively UV-polymerized, forming a hydrogel, while dextran templates
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Figure 5. A. Schematic representation of a flow focusing microfluidic chip to generate double emulsions of which
one phase can be UV-polymerized resulting in asymmetrical gels. Adapted from ref 48 with permission from John
Wiley & Sons. Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. B. Examples of double emulsions
consisting of different compositions. Adapted with permission from ref 44. Copyright 2017 American Chemical
Society. C. A glass capillary microfluidic device generating double emulsions, depending on pH they are either coreshell or Janus type. Adapted with permission from ref 47. Copyright 2019 American Chemical Society.

an asymmetric shape. This has been utilized for various applications, such as cell growth
chambers,48 cargo buckets,50 and as a base for micromotors.49 By manipulating the aqueous
phases, flow rates and by tuning the gelation reaction, different shapes and types of
microgels can be generated.

Induced Phase Separation
Increasing the number of phases inside a droplet will result in increasing complexity of the
microfluidic set-up. While simply expanding the microfluidic chip with more inlets is possible,
some practical limitations will arise, such as increasing complexity in fabrication of the master
chip and increasing amount of pumps for the microfluidic set-up. Induced phase separation
can overcome these limitations. Phase separation only occurs at certain conditions and at
high enough concentrations. If these requirements are not met, a homogeneous mixture is
obtained. Taking advantage of this knowledge, a simple w/w or w/o single emulsions can give

49

Chapter 2

rise to complex multiphase droplets upon changing the conditions to favor APS. There are
two methods to induce phase separation, either mass-transfer induced or stimulus-induced
phase separation, MTIPS or SIPS, respectively.
Mass-Transfer Induced Phase Separation
MTIPS is based on the extraction of a solvent from homogeneous, multicomponent, single
emulsion system. In most cases, the extracted solvent is water. APS within this system can
only occur when all polymeric components exceed their critical concentration, above which
phase-separation occurs. Below the critical concentration, all components are miscible and
will form one homogeneous solution. A single emulsion generated with this solution will
contain all components necessary for APS, only in dilute concentration. By actively extracting
water from the homogenous multicomponent emulsion droplets, the internal
concentrations of all components will inevitably exceed their respective critical
concentrations, upon which aqueous multi-phase systems (AMPSs) are achieved. This can be
done either by addition of water-attractants,44 by evaporation,51-55 or by osmosis.43, 56 The
former two can be used in w/o systems, while the latter is used in w/w microfluidics.
The addition of water-attractants allows for the generation of droplet-in-droplet emulsion
particles via controlled phase separation, as Cui et al. reported.44 Here, aqueous
homogenous multiphase beads, containing poly(vinyl alcohol) (PVA), PEG and dextran, are
generated using a simple coaxial microfluidic setup. The continuous phase used here is an oil
solution, containing the water attractant dimethyl carbonate (DMC). As water is more easily
dissolved in DMC compared to the oil, water is slowly extracted from the droplets, resulting
in decreasing droplet size and increasing compound concentrations. As concentrations keep
increasing, the critical concentrations of the polymeric components within the droplet are
exceeded, leading to phase separation and ultimately resulting in multi-phased emulsion
droplets, Figure 6A. The degree of phase separation is tunable, as prolonged DMC incubation
times yield more distinct phase separation and smaller droplet sizes in comparison to shorter
DMC incubation times.
Evaporation can be a tool to induce phase-separation as well.51 A universal method has been
proposed for the generation of Janus particles, which is based on evaporation driven liquidliquid phase separation. Janus particles are spherical, multicomponent particles that display
different polar characteristics. Traditionally, these particles are generated by using
microfluidic setups, where a biphasic laminar monomer stream is broken into Janus droplets
as a result of side by side emulsification. However, as similar monomer viscosities are crucial
to maintain stable biphasic laminar flow, the choice of monomers that fit that criteria are
limited. To circumvent this problem, other paths needed to be pursued. Using simple
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Figure 6. A. Optical (top row) and fluorescence (bottom row) images depicting the formation of multiphase droplets
out of homogenous droplets by the addition of a water-attractant. The scale bar is 50 μm. Adapted with permission
from ref 44. Copyright 2017 American Chemical Society. B. Schematic representation of the Janus droplet formation
via evaporation induced phase separation. The scale bar is 40 μm. Adapted with permission from ref 51. Copyright
2016 Royal Society of Chemistry. C. Schematic representation of all-aqueous microfluidic device for multiphase
droplet generation through osmosis (top). Formation of double, triple, and quadruple droplets over time with initial
PEG diacrylate concentrations. The scale bar is 200 μm. Adapted with permission from ref 56. Copyright 2016
American Chemical Society.

microfluidic chips, homogenous ternary aqueous droplets could be generated, using
fluorinated oil, FC-40, as the continuous phase. As FC-40 features a high gas/vapor
permeability, volatile co-solvent molecules, such as ethanol, can evaporate with ease,
triggering phase-separation in the process, Figure 6B. Various morphologies can be
generated via this method by simply changing the volume ratio or by adjusting the liquid
composition of the ternary mixture.
Induced phase separation for w/w microfluidics can also be achieved through osmosis, as
Liang et al. reported.56 Glass capillary tubes were used here to create a simple microfluidic
setup, capable of generating homogenous aqueous emulsion droplets. A polymeric mixture
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of PEG diacrylate and ethoxylated trimethylolpropane triacrylate (ETPTA) was used as the
dispersive phase, while PVA, solubilized in de-ionized water, was used as the continuous
phase. Single emulsion droplets are generated, after which phase separation occurs over
time, Figure 6C.
Stimulus-Induced Phase Separation
SIPS is the induction of phase separation in homogeneous aqueous mixtures by an external
stimulus, which can be a change in physical conditions or addition of a chemical effector.57,
58
SIPS is possible when the effect of the stimulus on the system leads to changes in the
composition of phases in ATPS, or when the solution is made out of at least one stimuliresponsive material. Such materials, like polymers, respond to small changes in
environmental stimuli with large, sometimes discontinuous, changes in their physical state
or properties. The phase separation can be triggered by different physiochemical stimuli,
such as temperature,59, 60 light61 and pH,62 depending on the chemical nature of the
responsive polymer.
Thermally induced phase separation relies on the change in polymer solubility as a
consequence of a change in temperature. This technique is based on the thermodynamic
demixing of a homogeneous polymer-solvent solution into a thermo-sensitive polymer-rich
phase and a thermo-sensitive polymer-poor phase in case of one polymer systems. PNIPAM
is an excellent candidate for the fabrication of temperature induced phase separating microand nanoparticles using microfluidics. In combination with other aqueous polymer solutions,
Janus particles have been synthesized with a finely tunable internal architecture. 60 This was
achieved by the thermally induced formation of PNIPAM colloidal nanoparticles which, after
formation, phase separated. This transforms homogeneous microdroplets consisting of
polyacrylamide and PNIPAM to Janus microparticles, of which one side is composed of
aggregated colloidal nanoparticles, PNIPAM, and the other side of polyacrylamide hydrogel.
Recently, another technique for the one-step fabrication of double emulsions based on a
thermal phase separation approach was introduced.63 The researchers do not rely on a
thermo-responsive polymer, but on temperature-dependent phase separation. The phase
diagram of PEG and dextran was found to be dependent on temperature. At low
temperatures the binodal curve shifted up to higher polymer concentrations, while for higher
temperatures the binodal curve shifted down. For this thermo-induced approach, both
polymer concentrations should lie in between the two binodal curves. This ensures that for
low temperatures the composition lies below the curve and thus forming a homogeneous
mixture, while at higher temperatures the polymer composition lies above the curve forming
a phase separated system. A single emulsion is generated at low temperatures, the aqueous
mixtures of polymers exists as a single phase, but tends to return to their thermodynamically
preferred phase-separated state at room temperature when allowed to warm up, Figure 7A.
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Once formed, the phase-separation inside the droplets can be reversibly switched between
mixed and phase-separated states as controlled by the temperature.
When light sensitive polymers are present in the emulsion, phase separation can be induced
by light as well. Lone et al. presented a simple and efficient method for preparation of Janus
particles by UV-directed phase separation of a light-sensitive polymer using a cross-junction
PDMS microfluidic device, Figure 7B.61 A homogeneous w/o emulsion is generated containing
a light-sensitive random copolymer. Upon UV exposure the light-sensitive polymer forms
zwitterionic moieties which leads to inter- and intra-chain ionic interactions. These
interactions lead to water-expulsion and thus phase separation. This is a reversible reaction
and over time the emulsion will form a homogeneous single-emulsion again. To maintain the
induced asymmetry, a crosslinker can be dissolved in the aqueous phase and a UV-initiator
the oil phase. Upon UV exposure phase separation of the light-sensitive polymer is induced,
at the same time the initiator is activated generating radicals which react with the crosslinker
to form a polymer shell at the emulsion interface. The resulting Janus microparticles consist
of a smooth, hollow body and a protruded head composed of the light-sensitive polymer.

Figure 7. A. Generation of double emulsion via temperature-controlled phase-separation. Aqueous solutions of
miscible hydrophilic polymers emulsified at low temperature leads to the formation of single phase emulsion
droplets. Upon warming up to room temperature, phase separation occurs resulting in the formation of Janus
droplets. Scale bar is 50 mm. Adapted from ref 63, J. Colloid Interface Sci., 575, Pavlovic, M.; Antonietti, M.; Schmidt,
B. V. K. J.; Zeininger, L., Responsive Janus and Cerberus emulsions via temperature-induced phase separation in
aqueous polymer mixtures, 88-95. Copyright 2020 with permission from Elsevier. B. Schematic representation of
microfluidics set-up and process for the fabrication of UV-induced phase-separated Janus particles. Reproduced
with permission from ref 61. Copyright 2011 the Royal Society of Chemistry.
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Conclusion
In this perspective we highlighted various interesting studies to show different methods to
generate increasingly complex APS emulsions. APS has evolved from a biocompatible
extraction method to one of the most studied and interesting topics today. What started
with the immiscibility of gelatin and agar has grown to be a phenomenon related to many
different polymers, salts, and other water-soluble compounds. Its popularity lies in its
biocompatibility and its versatility, something that was underestimated for years and only
recently rediscovered upon increasing interest in membraneless compartmentalization. The
rise of microfluidic techniques, with its main advantage to generate monodisperse droplets,
opened-up new possibilities to generate emulsions of different morphologies and
compositions. The spontaneous liquid-liquid phase separation together with the aqueous
nature of APS, makes it an interesting choice to use in combination with microfluidics to study
confinement and compartmentalization, as well as utilize it as precursors to fabricate
microparticles.

Future Perspectives
Many exciting possibilities in combining APS and microfluidics still remain to be investigated,
more specifically, in the field of SIPS and its applications. The liquid-liquid nature of APS
implies that complex processes or specialized equipment are not needed due to the
spontaneous separation of the two phases, making APS an ideal candidate for microfluidics.
SIPS can boost the applicability of APS by enhancing phase separation and increasing
selectivity towards the desired purpose. The design and use of new, smart polymers would
allow the generation of induced, dynamic phase-separating systems. Some examples from
the non-aqueous polymer field show us what might be possible in the future, such as
reversible in situ SIPS upon light exposure to induce different morphologies.64. Other
interesting studies are the accumulation of different cargo’s in different phases of complex
emulsions for drug delivery purposes, incorporation of different catalysts for reaction
cascades,65 or ATPSs as mimic of the cell’s confined, crowded space.66
Probably one of the most challenging and exciting applications is LLPS as mimic of the cell.
The existence of membraneless liquid-like organelles was discovered only recently and since
then attracted the interest of many scientist.67 Since membraneless organelles, formed
through associative liquid-liquid phase separation were found to play an important role in
the cell’s spatial organization, a lot of research went into this specific type of LLPS. Complex
coacervates were recognized to resemble these membraneless organelles and serve as cell
model systems.68, 69 Furthermore, they were proposed as protocells for the origin of life.70, 71
Since then, many interesting studies showed coacervates dynamic assembly and disassembly
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upon different stimuli,65, 72 and their assembly into more complex, multiphase systems.65, 73,
74
However, using complex coacervates, a polymer rich phase is generated as well as a
polymer poor phase. This is not an accurate representation of the cell. Even though
coacervation occurs in the cell for specific molecules, many other molecules are present as
well which maintain the crowded environment throughout the whole cell. APS emulsions
started as simplistic models of the cells cytoplasm as a confined, crowded space, currently,
it plays a more crucial role in the design of artificial cells. APS can induce localization of
specific biomolecules in one or the other compartment while maintaining an overall crowded
environment.75 Furthermore, combining this with induced phase separation, such as the
temperature dependent phase separation of PEG and dextran, reversible localization and
delocalization of biomolecules is possible, making it more dynamic. Recently, Zhao et al.
combined both LLPS phenomena to design a new protocellular system.76 By combining both
APS and complex coacervation a crowded, dynamic environment with spatial control over its
constituents and high-order complexity was obtained. It is clear by now that nature has some
remarkable phenomena in store, which are not yet completely understood or utilized to their
full capacity. We believe that aqueous-phase-separated systems can help unravel some of
these mysteries.
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Abstract
Asymmetry is the key requirement in obtaining efficient, directional motion and should,
therefore, be the first step in designing micromotors. Microfluidic techniques are ideal tools
for generating monodisperse droplets as precursors for soft microbeads. Here, we combine
aqueous-two-phase separation with microfluidics to generate double emulsions. Depending
on the materials used, microbeads having either asymmetry in shape or asymmetry in
material composition are obtained. In this chapter, we show the flexibility and versatility of
this system to generate asymmetric microgels as a scaffold for micromotors.

Keywords
Microfluidics • Aqueous-Two-Phase-Separation• Hydrogels • Microgel

62

Asymmetric, Biocompatible Microgels Generated via Aqueous-Phase-Separated Microfluidics

Introduction
Up until now, many different nanomotors have been designed, of which many are proposed
for biomedical applications. With this purpose in mind the nanomotors should mimic biology
and thus be biocompatible, soft and made from the bottom-up.1 In addition, they need to be
small enough to profit from a longer circulation time inside the bloodstream.2 Their
nanoscale size is thus of great importance. However, due to their extremely small
dimensions, they can only be directly visualized with static techniques, such as electron
microscopy. This gives information about their structural properties, but not about their
dynamic properties. Motion is usually analyzed using light scattering techniques, with which
speed and trajectories can be determined. Obtaining specific information about the
nanomotor’s mechanism of motion, thus combining structural and motion analysis, is
challenging. Techniques combining direct nanoscale visualization in dynamic environments
are being developed but they are not yet advanced enough nor widely available.3 Therefore,
we aim to design a microscale model and gain a better understanding of bubble propelled
motion.
The most crucial requirement in the design of micro- and nanomotors is asymmetry. This can
be achieved either in design of the shape or in catalyst distribution. This ensures that the
propelling force acts only on one side of the particle, which results in efficient, directional
propulsion. If a motor lacks asymmetry, propelling forces act on all sides of the particle and
random, non-directional motion is obtained.4-5 Asymmetry in catalyst distribution can be
obtained by sputtering catalytically active material onto a symmetrical structure. The
propelling force is only generated at the location of the catalyst and can thus induce motion.
However, when using biocatalysts, sputtering is impossible, and a more sophisticated
approach is needed. Furthermore, deposition of the catalyst on the surface of the particle is
not desirable since it is directly exposed to the environment, which, in real life applications,
can get damaged easily resulting in loss of activity. An asymmetrical design can
compartmentalize the biocatalyst and ensure that the propelling force acts solely on one side
of the particle which then results in directional motion.
Other requirements considering this microscale model system are that it needs to be soft
and made from the bottom-up. A technique that is known for its bottom-up, monodisperse,
microscale output is microfluidics. A general design to obtain emulsions is a flow-focusing
microfluidic chip. To induce asymmetry, a standard single emulsion generating chip is not
suitable. Therefore, addition of an extra inlet is necessary to generate double emulsions.
Double emulsions are categorized by topology, namely (1) non-engulfing, (2) complete
engulfing and (3) partial engulfing.6-7 The first is when the two phases remain separate
droplets. Second, when one of the phases completely engulfs the other. The last and third
topology is when one of the phases is partially engulfed, meaning that both phases have an
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interface with the surrounding media. Which of the three topologies will be formed depends
on the interfacial tension of the three different phases.6-7 To obtain asymmetrical microgels,
the precursor droplet needs to be asymmetrical as well and, thus, be in state 3, partial
engulfing.
Since the microparticles need to be biocompatible, both phases of the droplet need to be of
aqueous solutions. Fortunately, many aqueous, biocompatible polymer solutions
spontaneously phase separate above a critical concentration8 and can thus be used to
generate double emulsions.9-11 When one of the phases is polymerizable, part of the droplet
can be solidified, resulting in microbeads. This can be done by various methods, most
commonly by chemical crosslinking12 or photoinitiated polymerization.11, 13 Depending on the
droplet topology and the amount of cross-linkable phases, a core-shell structure,12, 14-15 Janus
structure11 or asymmetric structure can be obtained.12-13, 16
Combining all of these requirements and techniques we can obtain soft, self-assembled,
biocompatible particles with an asymmetrical shape by using microfluidic chips to generate
double emulsions of APS systems. Here, we show how to make asymmetric microbeads and
investigate different materials and crosslinking methods to obtain asymmetrical shapes as a
base for micromotors.

Results and Discussion
Microfluidic Set-Up
To generate small, monodisperse microbeads we utilize microfluidic techniques based on
APS to generate double emulsions, Figure 1. Two immiscible aqueous solutions are
separately injected in the second and third inlet forming an aqueous two-phase system
(ATPS) jet at the first cross junction. A surfactant-containing oil is injected in the first inlet
and emulsifies the ATPS jet into a double emulsion. To be able to transform these double
emulsions into microgels, at least one of the phases should be polymerizable, while the other
phase will be templating the shape and, if desired, can be polymerizable as well.
Not all polymers can be readily cross-linked and, thus, they need to be functionalized to be
able to generate microbeads. ATPS rises from steric exclusion due to the large molecular
weight of polymers, or by water extraction by salts. This will not change upon minor
functionalization of the end-groups of the polymer. Here, we show the versatility of this
microfluidic chip to generate asymmetric or Janus-type microbeads by using different
materials and crosslinking methods.
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Figure 1. Schematic depiction of the three-inlet microfluidic chip for the generation of double emulsions. Two
immiscible aqueous solutions are injected in inlet 2 and 3 and form an ATPS jet at the first cross-junction. At the
second cross-junction oil, inlet 1, emulsifies this jet into double emulsions. Scale bar is 20 μm.

Asymmetric Microbeads
Upon crosslinking the double emulsion, the polymerizable phase will form a gel, while the
second phase will template the asymmetric shape. The resulting asymmetrical microbeads
are spherical gels with an opening on one side. This same shape can be made using different
materials and crosslinking methods. Here, we show that both UV-crosslinking and chemical
crosslinking combined with different templating phases are possible to obtain asymmetric
microgels.
UV-Crosslinking of Diacrylates
An often-used method is UV-crosslinking due to its easy handling and fast crosslinking, it can
be used either on-chip or after collection of the beads. For this crosslinking method the
polymer needs to be functionalized with a cross-linkable feature, such as a double bond, and
an initiator is needed to initiate the crosslinking reaction. The photoinitiator used here is 2Hydroxy-4ʹ-(2-hydroxyethoxy)-2-methylpropiophenone, also known as Irgacure 2959, which
falls apart into two radicals upon UV exposure, after which both can react with an acrylate
functionality. The double bond is opened up, one electron forming a bond with the radical
and the other electron forming a new radical on the secondary carbon atom, which in turn
reacts with a new acrylate functionality, Figure 2. Since we use diacrylated compounds this
reaction happens on both sides of the polymer strand resulting in a completely crosslinked
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Figure 2. Schematic depiction of UV-crosslinking to generate asymmetric microgels. The diacrylate phase, blue, will
form a gel, while the templating phase, orange, templates the shape of the microbead. Upon UV exposure the
initiator generates two radicals which can react with the acrylate functionalities crosslinking multiple polymer
strands together to form a gel.

network. The used photoinitiator is oxygen sensitive, therefore, all solutions need to be
purged with nitrogen gas prior to injection. To avoid oxygen dissolving in the sample after
collection, the sample is capped with a layer of mineral oil, which floats on top of the sample.
The formed radicals are hydrophobic and will migrate to the oil phase upon UV-exposure. To
minimize the loss of radicals and optimize crosslinking, the excess oil is removed prior to UVexposure.
A frequently used and commercially available crosslinker is poly(ethylene glycol) diacrylate
(PEGDA), which can be used as a crosslinker for monofunctionalized acrylates or by itself to
form a gel network. Other diacrylate functionalized polymers are also usable, such as
poly(propylene glycol) diacrylate (PPGDA). PEG separates with a range of different polymers
and salts, but it is most commonly used in combination with polysaccharides. Upon collection
of the double emulsion, the sample is exposed to UV-light. The PEGDA will crosslink forming
a hydrogel network, whereas the second aqueous phase will not react since it is not
functionalized and, therefore, templates the asymmetrical shape. Further work-up of the
microbeads will break the emulsion resulting in the asymmetric microbeads. Microbeads
were obtained using a variety of ATPS pairs with PEG, including dextran, Ficoll, and
ammonium sulfate, Figure 3. The flow rates and viscosity of the templating phase determine
the relative size of the phases and thus the degree of asymmetry in the resulting microbead.
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Figure 3. Bright field images of asymmetrical hydrogels made via UV-crosslinking. Different ATPS pairs result in
similar asymmetrical gels. Depending on the viscosity of the solutions and the flow rates the degree of asymmetry
can be influenced. Scale bar is 20 μm.

High templating flow rates will generate large templating phases and smaller PEGDA phases,
which results in thinner PEGDA microgels with a very large opening. Microbeads formed with
a PEGDA:dextran flow ratio of 60:10 μL/h results in the typical asymmetric shape, however,
when the flow rates are inverted, 10:60 μL/h PEGDA to dextran, a very thin PEGDA gel is
formed. Since the weight distribution is very heterogeneous, these gels always lay with the
opening facing up due to gravitational forces. Around the edges of the microgels opening, a
very thin smooth rim can be observed, which is the PEGDA gel. Ficoll 400 is a very viscous
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solution and strongly phase separates with PEGDA resulting in the same asymmetrical shape.
Ammonium sulfate, on the contrary, is less viscous, and achieving low flow rates is difficult.
Therefore, the obtained microgels are hemispherical in shape. Going to flow rates as low as
10 μL/h resulted in inconsistent flows and only a few particles obtained an asymmetrical
shape.
All polymers containing diacrylates can be UV-crosslinked using this method. Poly(propylene
glycol) (PPG) is also commercially available with diacrylate functionalization and phase
separates with dextran among others. Unfortunately, PPGDA is hydrophobic and, therefore,
had to be mixed with the monoacrylate (1:4 ratio), which is less hydrophobic, and dissolved
in a mixture of ethanol and water. Utilizing the same method, asymmetric microbeads are
obtained, Figure 3.
Chemical Crosslinking with Glutaraldehyde
Glutaraldehyde is a controversial chemical crosslinker. It has the ability to react with different
functional groups and is therefore a versatile crosslinker to use. However, it’s exact reaction
mechanism is not fully understood despite the extensive research conducted.17-19
Furthermore, it is a toxic compound18 and the reaction is only efficient at high or low pH,
depending on the functional groups to be reacted. Here, we use glutaraldehyde to crosslink
the alcohol groups of polyvinyl alcohol (PVA), Figure 4A. This reaction is pH dependent, at a
very low pH (≤ 2) the reaction is very fast, while at slightly acidic pH ( ~ 4.5) the reaction is
slower, and heating is necessary to obtain crosslinking. Glutaraldehyde is commercially
available in a water solution of 50% and can thus be added directly to the solution prior to
injection or extracted in oil and added after sample collection. At low pH, glutaraldehyde
immediately reacts, therefore, adding it prior to injection is not desirable since it will react
inside the syringe and chip, which will cause clogging and inconsistent flow rates. For low pH,
glutaraldehyde is extracted in the same oil as the continuous phase and added after
collecting the sample. For slightly acidic pH, heating is necessary to start the reaction and
thus glutaraldehyde can be added prior to injection. This will be the most desirable option,
since the crosslinker concentration will be equal for all droplets and a more homogeneous
crosslinking throughout the bead is obtained. Double emulsions were generated using PVA
and dextran, PVA and Ficoll, and PVA and polyacrylamide (PAAM), Figure 4B. pH, and thus
the crosslinking speed, can affect shape greatly for ATPS pairs that do not phase separate
strongly, such as PVA and dextran. Immediately after collection, no phase separation was
visible. For acidic PVA solution, pH 2, crosslinking starts immediately after glutaraldehyde in
oil was added to the sample. A PVA gel with golf ball morphology is obtained due to
incomplete phase separation of dextran. For a PVA solution of pH 4.5, crosslinking is slower
and phase separation is completed resulting in an asymmetrical microbead. Since solutions
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Figure 4. A. Chemical crosslinking of PVA with glutaraldehyde. The aldehyde functionalities of glutaraldehyde react
with the alcohol groups of PVA crosslinking different polymer strands together under acidic conditions. B.
Asymmetric microgels were made with ATPS pairs dextran, Ficoll and polyacrylamide. Dextran does not immediately
phase separate with PVA, when crosslinked at pH 2, phase separation is not complete yet and a golf ball morphology
is obtained. At pH 4.5 asymmetrical microgels are obtained for all three ATPS pairs. Scale bar is 20 μm.

of pH 2 are not biocompatible, we use pH 4.5 for further experiments. Both Ficoll and PAAM
strongly phase separate with PVA and, upon crosslinking, similar asymmetrical PVA
microbeads are obtained.
Janus-type Microbeads
A two-gel, Janus-type microbead can be made when both phases consist of cross-linkable
polymers. If both phases have the same functional group, such as PEGDA and PPGDA,
crosslinking of the complete double emulsion is possible by using one method. If both phases
contain different functional groups, multiple crosslinking methods need to be utilized to
obtain fully crosslinked two-gel microbeads.
One-Method Microbeads
PEGDA and PPGDA both have diacrylate functionalities and, thus, can both be crosslinked
upon UV-exposure, Figure 5A. Even though PPG and PEG do not phase separate, phase
separation does occur for the diacrylate functionalized polymers. PPGDA is less hydrophilic
than PEGDA and is dissolved in a combination of water and ethanol, therefore, they exhibit
a very clear interface. PPGDA was used as the large phase and PEGDA for the small phase.
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Figure 5. Janus microbeads are generated by using two cross-linkable immiscible phases. A. PPGDA and PEGDA are
both crosslinked upon UV exposure and, due to their difference in hydrophilicity, they form a two-gel microbead. B.
PEGDA and PVA form a Janus microbead using two different crosslinking methods, UV crosslinking for the PEGDA
phase and chemical crosslinking with glutaraldehyde for the PVA phase. Scale bar is 20 μm.

UV polymerization of the double emulsion results in spherical microbeads consisting of two
different hydrogels, a Janus-type microparticle.
Two-Method Microbeads
A double emulsion of PEGDA and PVA can be crosslinked using two different crosslinking
methods consecutively. In general, it is best to first UV-crosslink PEGDA since the UVpolymerization is oxygen sensitive. Furthermore, it is also the simplest and fastest
crosslinking method and, therefore, practical to do this as the first step. After this, PVA was
crosslinked with glutaraldehyde. PVA and PEGDA do not exhibit a sharp interface, neither
before nor after crosslinking, and is therefore difficult to observe. Close inspection, however,
reveals two different structures, the smooth, dense PEGDA gel and the more porous PVA gel,
Figure 5B.
Multiphase Microbeads
More complex emulsions can be made using a four-inlet microfluidic chip, Figure 6, this
means that three different aqueous phases can be introduced to form triple emulsions.
Depending on the functionalities of the phases, either a one-, two-, or three-gel system can
be generated. Each phase needs to phase-separate with the other two, to generate a triple
emulsion. Here, we generated a one-, and a two-gel asymmetric system of PEGDA-dextranFicoll and PVA-PEGDA-Ficoll, respectively.
Since dextran and Ficoll both phase separate with PEGDA and with each other, we can use
them to make microbeads consisting of an asymmetrical gel with two openings. This system
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Figure 6. Schematic depiction of the four-inlet chip. Three immiscible aqueous solution are injected in inlets, 2, 3,
and 4 to generate a three-phase jet at the first cross-juction. At the second cross-junction, oil emulsifies this jet into
a triple emulsion. Scale bar is 20 μm.

generates droplet-in-droplet-in-droplet emulsions of PEGDA, Ficoll and dextran, going from
large to small phase, respectively. Upon UV exposure the PEGDA phase will crosslink forming
a gel, where both the Ficoll and dextran template the openings, Figure 7A.
Another triple emulsion can be made from PVA, PEGDA and Ficoll, forming droplets of PEGDA
and Ficoll inside PVA, Figure 7B. Two different polymerization methods, UV-polymerization
and glutaraldehyde crosslinking will polymerize the PEGDA and the PVA phase, respectively.
The Ficoll phase will template an opening in the PVA phase.

Figure 7. Multiphase microbeads generated by a four-inlet microfluidic chip. Depending on the amount of crosslinkable phases, we can generate different kinds of particles. A. Using PEGDA, dextran and Ficoll, we can generate a
PEGDA microgel containing two openings made by dextran and Ficoll. B. Triple emulsions made by PVA, PEGDA and
dextran can be crosslinked using UV and glutaraldehyde generating microbeads consisting of two gels, PVA and
PEGDA, and an opening made by Ficoll. Scale bar is 20 μm.
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Conclusion
In this chapter, we have shown a limited number of the endless possibilities to generate
asymmetric microbeads using this microfluidic method. When one of the phases is
polymerizable, asymmetric microgels can be generated. The same asymmetrical shape can
be generated using different materials and crosslinking methods. Diacrylate functionalized
polymers, such as PEGDA and PPGDA, can easily be crosslinked using UV exposure. They form
ATPS pairs with different compounds, including, but not limited to, polysaccharides and salts,
of which viscosity and flow rates influence the asymmetry of the microgels. Other polymers,
such as PVA, can be chemically crosslinked. Here the alcohol groups can react with
glutaraldehyde, which is acting as a crosslinker. Double emulsions with polysaccharides and
PAAM result in the same asymmetrical shape as the UV-crosslinked gels. This crosslinking
reaction is pH dependent, reacting very fast at low pH and slower at more neutral pH. This
affects the resulting morphology for double emulsions which do not readily phase separate,
such as PVA and dextran.
Biocompatibility is an important aspect to keep in mind for further applications, such as
enzyme-based micromotor systems. Some gels are not suitable for this purpose, due to their
hydrophobicity or acidity. PEGDA–polysaccharide systems offer the most promising
prospects, as they are already used in other biocompatible systems, are easy to handle and
offer a high degree of flexibility without altering fundamental characteristics.
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Methods
PDMS Microfluidic Device.
Sylgard® monomer and initiator (10:1 w/w) were mixed and poured onto the silicon master,
after which it was degassed under vacuum for at least 4 hours. The PDMS was cured at 65 °C
overnight, washed with isopropanol and blow dried. After oxygen plasma treatment, the
PDMS was bonded to a glass slide. The channels were coated with trichloro(1H,1H,2H,2Hperfluoro-octyl)silane (2% w/w in fluorinated oil) and the device was baked at 110 °C
overnight.
PEGDA Asymmetric Microgel Fabrication
All solutions were flushed with nitrogen for at least 0.5 hours, the fluorocarbon oil (HFE 7500)
was flushed for 15 minutes, to remove dissolved oxygen. Dextran/Ficoll/Ammonium sulphate
(20% w/w) and PEGDA (40% w/w) were independently injected in the first cross-junction.
The photoinitiator was added (0.4% wt final concentration) to the PEGDA solution prior to
injection. The droplets were formed at the second cross-junction by the introduction of an
outer phase which consisted of a fluorocarbon oil (HFE 7500) and surfactant (SS08, 2% w/w).
The resulting emulsion was collected in an Eppendorf. UV curing of PEGDA was achieved by
exposing the emulsion to a focused UV beam (ߣ = 300-600 nm, 5 min, 20% intensity). The
emulsion was broken by adding 1H,1H,2H,2H-Perfluoro-1-octanol (100μL, 20% w/w in
hexane), after which the beads were washed with Milli-Q.
Flow rates: PEGDA, 60 & 10 μL/h; Dextran, 10 & 60 μL/h; Ficoll 400, 10 μL/h; Ammonium
Sulphate, 30, 20, & 10 μL/h.
PPGDA Asymmetric Microgel Fabrication.
All solutions were flushed with nitrogen for at least 0.5 hours, the fluorocarbon oil (HFE 7500)
was flushed for 15 minutes, to remove dissolved oxygen. Dextran (20% w/w) and
PPGDA:PPGA (1:3, in 300 μL ethanol) were independently injected in the first cross-junction.
The photoinitiator was added (0.4% wt final concentration) to the PPGDA:PPGA solution prior
to injection. The droplets were formed at the second cross-junction by the introduction of
an outer phase which consisted of a fluorocarbon oil (HFE 7500) and surfactant (SS08, 2%
w/w). The resulting emulsion was collected in an Eppendorf. UV curing of PPGDA:PPGA was
achieved by exposing the emulsion to a focused UV beam (ߣ = 300-600 nm, 5 min, 20%
intensity). The emulsion was broken by adding 1H,1H,2H,2H-Perfluoro-1-octanol (100μL,
20% w/w in hexane), after which the beads were washed with Milli-Q.
Flow rates: PPGDA, 60 μL/h; Dextran, 30 μL/h.
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PVA Asymmetric Microgel Fabrication.
Dextran (20% w/w)/Ficoll (20% w/w)/ polyacrylamide (10% w/w) and PVA (10% w/w, pH 2 or
pH 4.5) were independently injected in the first cross-junction. The crosslinker,
glutaraldehyde (25 μL), was added to the PVA solution prior to injection. The droplets were
formed at the second cross-junction by the introduction of an outer phase which consisted
of a fluorocarbon oil (HFE 7500) and surfactant (SS08, 2% w/w). The resulting emulsion was
collected in an Eppendorf. The sample was left to crosslink overnight, samples made with a
PVA solution at pH 4.5 were heated overnight at 50 °C. The emulsion was broken by adding
1H,1H,2H,2H-Perfluoro-1-octanol (100μL, 20% w/w in hexane), after which the beads were
washed with Milli-Q.
Flow rates: PVA, 60 μL/h; Dextran, 10 & 20 μL/h; Ficoll 400, 10 μL/h; Polyacrylamide, 10 μL/h.
PPGDA:PEGDA Janus Microgel Fabrication.
All solutions were flushed with nitrogen for at least 0.5 hours, the fluorocarbon oil (HFE 7500)
was flushed for 15 minutes, to remove dissolved oxygen. PPGDA:PPGA (3:1, 40% w/w in MilliQ:Ethanol 1:2) and PEGDA (40% w/w) were independently injected in the first cross-junction.
The photoinitiator was added (0.4% wt final concentration) to the both solutions prior to
injection. The droplets were formed at the second cross-junction by the introduction of an
outer phase which consisted of a fluorocarbon oil (HFE 7500) and surfactant (SS08, 2% w/w).
The resulting emulsion was collected in an Eppendorf. UV curing of PEGDA was achieved by
exposing the emulsion to a focused UV beam (ߣ = 300-600 nm, 5 min, 20% intensity). The
emulsion was broken by adding 1H,1H,2H,2H-Perfluoro-1-octanol (100 μL, 20% w/w in
hexane), after which the beads were washed with Milli-Q.
Flow rates: PPGDA, 60 μL/h; PEGDA, 30 μL/h.
PEGDA:PVA Janus Microgel Fabrication.
All solutions were flushed with nitrogen for at least 0.5 hours, the fluorocarbon oil (HFE 7500)
was flushed for 15 minutes, to remove dissolved oxygen. PVA (10% w/w, pH 4.5) and PEGDA
(40% w/w) were independently injected in the first cross-junction. The crosslinker,
glutaraldehyde (25 μL), was added to the PVA solution and the photoinitiator was added (1.2
wt% final concentration) to the PEGDA solution prior to injection. The droplets were formed
at the second cross-junction by the introduction of an outer phase which consisted of a
fluorocarbon oil (HFE 7500) and surfactant (SS08, 2% w/w). The resulting emulsion was
collected in an Eppendorf. UV curing of PEGDA was achieved by exposing the emulsion to a
focused UV beam (ߣ = 300-600 nm, 5 min, 20% intensity). Crosslinking of PVA was achieved
by heating overnight at 50 °C. The emulsion was broken by adding 1H,1H,2H,2H-Perfluoro-
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1-octanol (100 μL, 20% w/w in hexane), after which the beads were washed with Milli-Q.
Flow rates: PEGDA, 60 μL/h; PVA, 20 μL/h.
PEGDA:Ficoll:Dextran Multiphase Microgel Fabrication.
All solutions were flushed with nitrogen for at least 0.5 hours, the fluorocarbon oil (HFE 7500)
was flushed for 15 minutes, to remove dissolved oxygen. Dextran (20% w/w), Ficoll (20%
w/w) and PEGDA (40% w/w) were independently injected in the first cross-junction. The
photoinitiator was added (0.4 wt% final concentration) to the PEGDA solution prior to
injection. The droplets were formed at the second cross-junction by the introduction of an
outer phase which consisted of a fluorocarbon oil (HFE 7500) and surfactant (SS08, 2% w/w).
The resulting emulsion was collected in an Eppendorf. UV curing of PEGDA was achieved by
exposing the emulsion to a focused UV beam (ߣ = 300-600 nm, 5 min, 20% intensity). The
emulsion was broken by adding 1H,1H,2H,2H-Perfluoro-1-octanol (100 μL, 20% w/w in
hexane), after which the beads were washed with Milli-Q.
Flow rates: PEGDA, 60 μl/h; Dextran, 10 μL/h; Ficoll 400, 10 μL/h;
PVA:PEGDA:Ficoll Multiphase Microgel Fabrication.
All solutions were flushed with nitrogen for at least 0.5 hours, the fluorocarbon oil (HFE 7500)
was flushed for 15 minutes, to remove dissolved oxygen. PVA (10% w/w, 20 μL HCL), PEGDA
(40% w/w) and Ficoll (20% w/w) were independently injected in the first cross-junction. The
photoinitiator was added (1.6 wt% final concentration) to the PEGDA solution prior to
injection. The droplets were formed at the second cross-junction by the introduction of an
outer phase which consisted of a fluorocarbon oil (HFE 7500) and surfactant (SS08, 2% w/w).
The resulting emulsion was collected in an Eppendorf. UV curing of PEGDA was achieved by
exposing the emulsion to a focused UV beam (ߣ = 300-600 nm, 5 min, 20% intensity).
Crosslinking of PVA was achieved by adding glutaraldehyde in oil (100 μL) and heating
overnight at 50 °C. The emulsion was broken by adding 1H,1H,2H,2H-Perfluoro-1-octanol
(100 μL, 20% w/w in hexane), after which the beads were washed with Milli-Q.
Flow rates: PVA, 40 μL/h; PEGDA, 20 μL/h; Ficoll 400, 10 μL/h;
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Abstract
Micro- and nanomotors and their use for biomedical applications have received recently
increased attention. However, most designs use top-down methods to construct inorganic
motors, which are labor-intensive and not suitable for biomedical use. Herein, we report a
high-throughput design of asymmetric hydrogel microparticles with autonomous movement
using a microfluidic chip generating asymmetric aqueous two-phase separating droplets
consisting of PEGDA and dextran with the biocatalyst placed in the PEGDA phase. The motor
is propelled by enzyme-mediated decomposition of fuel. The speed of the motors is
influenced by the roughness of the PEGDA surface after dextran diffusion and was tuned by
changing to higher molecular weight dextran. This roughness allows for easier pinning of
oxygen bubbles and thus higher speeds of the motors. Pinning of bubbles occurs repeatedly
at the same location resulting in constant circular or linear motion.

Keywords
Micromotor • Active Microparticles • Hydrogels • Enzymes • Microfluidics
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Introduction
Micromotors and nanomotors come in all shapes and sizes and have been designed for many
different applications, from water remediation,1-3 and sensing,4-5 to biomedical
applications.6-10 Until recently most of these motors were fabricated from inorganic materials
usually using top-down lithography methods.1, 11-12 However, top-down lithography is a very
labor-intensive and expensive method and difficult to scale-up process, while the resulted
motors usually lack a biocompatible design. In our view, a suitable design for biomedical
applications should be inspired by nature, thus it should be designed using a bottom-up
method, it should be biodegradable, or at least biocompatible, should be driven by
biocatalysts which provide access to biological relevant fuels and should provide a soft
interface with biological systems. However, incorporating all these requirements in a motor
design with controlled sizes and shapes remains a challenge.13
In our previous studies we used the self-assembly of amphiphilic block-co-polymers to design
supramolecular nanomotors. The poly(ethylene glycol)-polystyrene polymers spontaneously
self-assemble into polymersomes upon addition of water. Subsequent dialysis induces shape
transformation into asymmetric structures, which are able to capture catalysts. Both
inorganic catalyst, platinum,14 and biocatalysts, catalase and glucose oxidase, were used.15-16
Although this is a bottom-up model designed to study the effect of motion in biological
systems,6-7 the hydrophobic polymer is not biodegradable. Further developments for drug
delivery applications should incorporate both biocompatible and biodegradable
components.
Recent research has focused on biocatalysts and soft materials to provide a more adequate
interface with biological systems. Enzymes have been immobilized on many inorganic
structures, such as spheres,17 tubes,1, 8, 18 and hollow capsules. Catalase is commonly used as
a biocatalyst, while other examples are glucose oxidase15 and urea.19 The soft materials
investigated for use in the (bottom-up) assembly of motors are polymers, such as PDMS,20-21
Chitosan,2, 22 and poly(ethylene glycol) diacrylate (PEGDA).23 The catalysts incorporated in
most of these motors are inorganic materials, such as magnesium 2, 10 or platinum.21-25
Although these contain a soft component, the overall structure provides access only to
limited types of fuels and shapes. Some attempts have been made to create biodegradable 5,
8, 26
or biocompatible19-20 motors. Despite these attempts surfactant is usually added to
facilitate bubble propulsion. However, this is not possible in biological systems. The challenge
remains to make soft, biocompatible motors using a biocatalysts produced by a method that
allows for scaling-up. We propose a general solution to producing asymmetric motors by
using biocompatible materials and biocatalysts.
Bottom-up assembly makes it possible to design soft structures in a simple way with high
efficiency. Microfluidics provide an ideal application of such a self-assembly technique.
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Recent examples of micromotors obtained via microfluidics3, 22 show its major advantages
over top-down methods, which are high-throughput, easy handling and versatility. Here we
show the first high-throughput design of asymmetric, biocompatible micromotors through
spontaneous phase separation of microfluidic droplets containing two immiscible aqueous
phases. This general microfluidic design fabricates single-emulsion microdroplets containing
two immiscible solutions dispersed in oil. The droplets then spontaneously phase separate
into droplet in droplet morphology of controlled size, which upon polymerization leads to
the desired asymmetrical gel particle.27 The biocatalyst catalase, which is entrapped inside
the hydrogel, decomposes hydrogen peroxide into water and oxygen bubbles and is
responsible for the propulsion of the micromotor, Figure 1. These new types of motors will
be used to study different effects that influence motion, such as fuel concentration and
surface roughness. This will be different for enzyme and hydrogel based motors than for
inorganic motors. Inorganic motors usually increase speed with increasing fuel
concentration.28 However, enzymes show different behavior, namely an optimum in activity
depending on its environment. Catalase, for example, is inhibited by its own fuel when this
is present in high concentrations.29 Therefore, we expect to observe an optimum
concentration of hydrogen peroxide at which these motors move the fastest. Surface
roughness has also been shown previously to play an important role in pinning gas bubbles.12
Easy generation of bubbles is of great importance for bubble-propelled motors. If bubbles
are generated more easily, the motor will be propelled faster. Although the motor reported
here is different in materials and shape, we do expect that surface roughness will affect its
speed.

Results and Discussion
Aqueous-Two-Phase-Based Microfluidic Method
The microfluidic chip, which is made of polydimethyl sulfoxane (PDMS), consists of three
inlets for oil, PEGDA and dextran and one outlet to collect the microdroplets, Figure 1A and
S1. The first cross-junction gives rise to a two-phase jet consisting of dextran and PEGDA. At
the second cross-junction the continuous oil phase emulsifies this jet into single-emulsion
microdroplets. Subsequently, the droplets phase separate and are collected at the outlet
after which the PEGDA phase is photocured. Upon polymerization dextran diffuses inside the
PEGDA gel leaving an opening behind.
To ensure a biocompatible design, we use catalase as biocatalyst to provide the propelling
force for the motors. The enzyme was dissolved in the PEGDA phase prior to injection into
the microfluidic set-up, thereby allowing the polymer network to form around the catalyst,
upon polymerization of PEGDA, Figure 1B. Based on its design, homogeneous distribution of
the enzyme throughout the hydrogel is expected and observed, Figure S2. After UV exposure,
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52% of the original catalase activity was preserved, Figure S3. To check whether the enzyme
would stay inside the gel, inductively coupled plasma-mass-spectrometry measurements
were performed on the supernatant of the sample over several days’ time. This technique
can determine low concentrations of elements inside solution (down to parts per million).
Measurements performed on the element iron, which is present in the active site of catalase,
did not show any correlation demonstrating the enzyme is safely trapped inside the
structures without leakage, Figure S4.

4

Figure 1. Microfluidic design of asymmetric hydrogels. A) A microfluidic chip is used to construct ATPS droplets.
There are three inlets—for oil, PEGDA, and dextran—and one outlet. At the first cross-junction, an ATPS jet is formed
which is emulsified at the second cross-junction. B) Schematic depiction of the two-phase droplet and hydrogel
made with low molecular weight and C) with high molecular weight dextran. D) Schematic representation of the
resulting motor which converts hydrogen peroxide into water and propelling oxygen. The trajectory of the motor is
either circular or linear, depending on where the bubbles pin.
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Structural Characterization of Asymmetric Microbeads
The dimensions of the microfluidic device and flow rates of all the phases allow for control
and fine tuning of the size of the droplets. The motors reported here are 19.8±0.4 μm in
diameter with an opening of 8.2±0.5 μm. Furthermore, the size of the inner droplet can also
be fine-tuned through the flow rate of the immiscible phase. This leads to asymmetric gel
particles of different shapes with different size of “openings”, Figure S5. These particles nicely
correlate in shape with our previous bowl shaped stomatocyte nanomotors and allow further
understanding of the mechanism of movement.
We hypothesized that surface roughness plays an important role in bubble-propelled motion.
To investigate the influence of roughness on speed of the motors we used low and high
molecular weight dextran, Figure 1C. The low molecular weight was able to diffuse inside the
PEGDA hydrogel, while the high molecular weight was not and induced roughness of the
inner PEGDA surface. These scenarios were seen in fluorescence microscopy, where FITClabeled low molecular weight dextran diffused into the PEGDA gel, while Rhodamine Blabeled high molecular weight dextran remained in the opening of the microgel, Figure 2A.
Further characterization using cryo-scanning electron microscopy (cryo-SEM) demonstrated
that this lack of diffusion from high molecular weight dextran induced surface roughness in
the opening of the asymmetric gel, Figure 2B. The batches made with low molecular weight
dextran showed differences in roughness because of partial diffusion of dextran into the gel,
Figure S6.

Figure 2. Characterization of microgels by A) fluorescence microscopy and B) cryo-SEM using FITC-labeled lowmolecular weight dextran (left) and rhodamine B-labeled high-molecular-weight dextran (right). Scale bar is 10 μm.
FITC = fluorescein-5-isothiocyanate.
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Motion Analysis of Enzyme-Based Micromotor
To analyze the speed of the micromotor, ten of the fastest motors were tracked for 10
seconds at two specific time points, namely at 20 seconds and at 50 seconds after addition
to fuel. From these measurements the average speed was calculated. Motors made using
low molecular weight dextran showed differences in its surface roughness. Since surface
roughness influences the speed of motors by pinning bubbles, it also influences the speed of
the motors. The high molecular weight system did not show this heterogeneity and thus we
achieved better control over the speed. The speed of the motors was found to be dependent
on the concentration of fuel, Figure 3A, in this case hydrogen peroxide. We observed the
highest speed at 4% hydrogen peroxide for both 20 seconds and 50 seconds after addition.
At 20 seconds after addition this corresponds to a speed of 5.2 body lengths/s. At higher
concentrations of fuel, the speed decreased rapidly over time. This is due to the fast
inhibition of the enzyme by its own fuel. When the motors are added to high concentrations
of fuel, such as 10% hydrogen peroxide, they initially move at high speeds, and then slow
down fast within the first seconds. A second addition of micromotors to the same fuel
solution resulted in bubble propelled movement as was observed in the first addition. This
demonstrates that the observed decrease in speed is not due to lack of fuel but rather to
inactivation of the enzyme. We didn’t observe any bubble propulsion at fuel concentrations
lower than 2%.

Figure 3. A) Speed as a function of hydrogen peroxide concentration. B) Motors trajectories: constant movement of
the micromotors in a circular (left) or linear (right) fashion. Scale bar: 20 μm.
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The principle of the micromotors movement is bubble propulsion. The bubbles are clearly
visible as they grow from the opening of the motor, which is remarkable since the catalyst is
homogeneously dispersed throughout the bead. We would thus expect the fuel to be
converted all over the motor. However the bubbles are only able to grow in the opening of
the motors. The only difference between the inside of the opening and outside of the motor
is the surface roughness. As can be seen by Cryo-SEM, Figure 2B, the outer surface is rather
smooth while the surface in the opening is rough. Even in the smooth openings, made with
the lower molecular weight dextran, the surface has small rough spots. This roughness
enables pinning of the bubbles, which explains why bubbles grow from the opening despite
the homogeneous distribution of catalyst. Furthermore, oversaturation of oxygen is more
easily reached in the enclosed space of the opening. The location where the bubble is pinned
determines where the propelling force exhibits its energy. Most of the motors we observed
move in a constant circular fashion, Figure 3B and Supplementary video 1, whereas only a
few motors exhibited linear motion, Figure 3C and Supplementary video 2. Such remarkable
behavior is most probably due the shape of the gel microparticles. The constant circular
motion is due to the repeated pinning of bubbles at the same off-center location, thereby
resulting in propelling of the motors constantly at the same angle. Linear motion is, in
contrast, a consequence of the pining of the bubble in the central part of the opening, which
explains why this is observed less often since it is statistically less probable.

Conclusion
In summary, we have reported the first enzyme-driven gel micromotor which is based on
soft, biocompatible materials made through a high-throughput, spontaneous bottom-up
assembly using microfluidics. We showed the versatility of this method and the possibility to
tune the size, shape and roughness of the gel microparticles. A rough surface made it easier
to pin bubbles and resulted in better control over the speed compared to motors with less
defined roughness. This asymmetric shape and roughness made it possible to obtain motion
with a homogeneously distributed catalyst, which is unique in the micromotor field. We
observed bubble propulsion for fuel concentrations from 2% with an optimum at 4%, which
resulted in high speeds of 5.2 body lengths/s. Another remarkable feature of these motors is
that the bubble always pins at the same location, thereby, resulting in a constant circular or
linear motion. Although this micromotor is made from biocompatible materials, it runs on
hydrogen peroxide, which is, of course, not biocompatible. Therefore, other sources of fuel
need to be investigated in the future.
This microfluidic design can be used for any two immiscible solutions of which one of them
can be photo-polymerized. This creates considerable potential for designing other soft and
biocompatible structures. Furthermore, the spontaneous phase separation allows for
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precision over two parameters: asymmetric shape of the controlled opening and the size.
Another advantage is that the microfluidic design allows the production of these structures
to be scaled up, which makes it easy to produce large batches of high monodispersity. This
will offer new possibilities to investigate different aspects of motion, such as size, shape and
material composition of the particles, and catalyst distribution.
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Methods
Materials
All chemicals and enzymes were used as received unless otherwise stated. Ultrapure Milli-Q
water, obtained with the help of a Labconco Water Pro PS purification system (18.2 MΩ),
was used for the procedures. Poly(ethylene) tubing (0.56/1.07 mm inner/outer diameter)
was purchased from ThermoFischer. Centrifugal filters, Amicon® Ultra (0.5 mL, 10K), were
purchased from Millipore. Eppendorf® centrifuge 5430 R was used for filtration. Eppendorf®
ThermoMixer C was used for shaking. Fusion 100 Touch pump was purchased from KR
Analytical Ltd. OmniCure® S1000 from Lumen Dynamics was used to photocure the hydrogel
beads. Leica upright DM2500 microscope was used for visualization of the microgels.
Sylgard® 184 silicone elastomer kit was used for the fabrication of the PDMS microfluidic
chip. Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (97%), dextran from leuconostoc
mesenteroides (average mol wt 35000-45000), rhodamine B isothiocyanate-dextran
(average mol wt 70000, ߣex 570 nm, ߣem 590 nm), FITC-dextran (average mol wt 40000, ߣex
492 nm, ߣem 518 nm), poly(ethylene glycol) diacrylate (average Mn 575), photoinitiator 2hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (98%), 1H,1H,2H,2H-Perfluoro-1octanol (97%), Catalase form bovine liver ( >99%, >20 000 units/mg) were purchased from
Sigma-Aldrich. Alexa Fluor® 647 NHS Ester was purchased from ThermoFischer.
PDMS Microfluidic Device
Monomer and initiator (10:1 w/w) were mixed and poured onto the silicon master after
which it was degassed under vacuum for at least 4 hours. The PDMS was cured at 65 °C
overnight, washed with isopropanol and blow dried. After oxygen plasma treatment, the
PDMS was bonded to a glass slide. The channels were coated with trichloro(1H,1H,2H,2Hperfluoro-octyl)silane (2% w/w in fluorinated oil) and the device was baked at 110 °C
overnight.
Formation of Asymmetric Hydrogel Beads
All solutions were flushed with nitrogen for at least 0.5 hours, the fluorocarbon oil (HFE 7500)
was flushed for 15 minutes, to remove dissolved oxygen. Dextran (20% w/w) and PEGDA
(40% w/w) were independently injected in the first cross-junction. Rhodamine B
isothiocyanate-dextran (2% w/w) was added to the dextran solution and Irgacure® 2959 (0.4
wt% final concentration) and catalase (3 mg) to the PEGDA solution prior to injection. The
droplets were formed at the second cross-junction by the introduction of an outer phase
which consisted of a fluorocarbon oil (HFE 7500) and surfactant (SS01, 1% w/w). The resulting
emulsion was collected in an Eppendorf. UV curing of PEGDA was achieved by exposing the
emulsion to a focused UV beam (ߣ = 320-500 nm, 5 min, 60% intensity). The emulsion was

88

High-Throughput Design of Biocompatible Enzyme-Based Hydrogel Microparticles with Autonomous Movement

broken by adding 1H,1H,2H,2H-Perfluoro-1-octanol (100 μL, 20% w/w in hexane), after
which the beads were washed with Milli-Q.
Flow rates: Oil: 900 μL/h, PEGDA: 150, Dextran: 10, 50, 100, 150 μL/h.
Catalase Labelling with Alexa Fluor® 647
Coupling was carried out as described in the manual of the Alexa Fluor® 647 dye.
Catalase (10 mg, 0.04 μmol) was dissolved in sodium bicarbonate buffer (pH 8.3, 1 mL). The
Alexa Fluor® 647 (10 μg, 10 mg/L) was added to the catalase solution and incubated at room
temperature for 2 hours while stirring. The mixture was purified using spin filtration (14000
rpm for 15 min) and stored in Milli-Q at 4 °C.
Autonomous Movement Experiments
Hydrogen peroxide solutions of different concentrations were prepared, namely 2%, 4%, 6%,
8%, 10%, without any addition of surfactant. A Petri dish of 3 cm in diameter was filled with
hydrogen peroxide solution (3 mL), after which micromotors (2 μL) were added. Recording
started upon addition of the micromotors to the fuel solution. Afterwards, the movies were
analyzed using MTrackJ for FIJI. Tracking started 20 seconds and 50 seconds after addition
for about 10 seconds.
Catalase leaking experiment
Two micromotor samples having a different PEGDA:Dextran ratio were made, namely 1:1
and 3:1. Every day for 4 days in a row the sample was vortexed, after which the sample was
spun down again (1000 rpm for 5 minutes). Supernatant (200 μL) was collected and filtered
using a spinfilter (0.22 μm pore size, 13000 rcf for 10 minutes). Nitric acid (500 μL) was added
to 20 μL of the collected supernatant fractions and stirred for 8 hours. Water was added to
a total volume of 3 mL and ICPMS was measured.
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Supplementary Information

Supplementary movies 1 and 2
Supplementary movies can be found here:
https://doi.org/10.1002/anie.201805661

Figure S1. Bright field image of the core part of the microfluidic chip. Width of the channel at A is 20 μm and at B is
30 μm. Height of the channel is 18 μm. Scale bar is 100 μm.
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Figure S2. Confocal image of catalase labeled with Alexa Fluor® 647 NHS ester. Catalase was dissolved in the PEGDA
phase prior to injection which resulted in a homogeneous distribution of the enzyme throughout the gel. Scale bar
is 20 μm.
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Catalase Activity Assay
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Figure S3. Activity assay of original catalase (blue) and catalase after UV exposure (60%, 5 minutes). The UV
absorption of hydrogen peroxide was measured to gain information about the activity of catalase. The reference
(black) is only hydrogen peroxide without catalase. Therefore, no hydrogen peroxide is decomposed resulting in a
horizontal trend. Original catalase decomposes hydrogen peroxide which results in a linearly decreasing trend. UVexposed catalase decomposes hydrogen peroxide but lost part of its activity resulting in a less steep slope.
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Figure S4. ICPMS results of two samples with different PEGDA:Dextran ratio. No correlation is found between the
iron measured and the possible leakage of catalase from the gel. If leakage would take place, we would expect to
see an increasing trend over time. Since this is not the case the measured values are probably due to a small iron
contamination.
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Figure S5. Bright field images of different sizes of opening due to different flow rate ratios of PEGDA and dextran.
Top: Droplet in droplet emulsion of PEGDA and dextran. Bottom: Asymmetric microgels after UV polymerization (A)
PEGDA:Dextran 3:1, (B) PEGDA:Dextran 6:1, (C) PEGDA:Dextran 12:1. Scale bar is 20 μm.

96

High-Throughput Design of Biocompatible Enzyme-Based Hydrogel Microparticles with Autonomous Movement

Figure S6. Cryo-SEM image of low molecular weight dextran microgels. The structural differences within the sample
are visible here. The structure on the top has a smooth PEGDA surface inside while the bottom structure has a rough
surface. Scale bar is 10 μm.
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Abstract
Microfluidics is an ideal tool for the design of self-assembled micromotors. It allows for easy
change of solutions, catalysts and flow rates, which affect shape, structure and motion of the
resulting micromotors. A microfluidic tool generating aqueous-two-phase-separating
droplets of UV-polymerizable poly(ethylene glycol)diacrylate and an inert phase, salt or
polysaccharide, is utilized to fabricate asymmetric microbeads. Different molecular weights
and branching of polysaccharides are used to study the effect on shape, surface roughness
and motion of the particles. The molecular weight of the polysaccharide determines the
roughness of the motors inner surface. Smooth openings are obtained by low molecular
weight dextran, while high surface roughness is obtained with a high molecular weight
branched polysaccharide. Since roughness plays an important role in bubble pinning, it
influences both speed and trajectory. Increasing speeds are obtained with increasing
roughness and trajectories ranging from linear, circular to tumble-and-run depending on the
nature of bubble pinning. This microfluidic tool allows for fine-tuning shape, structure and
motion by easy change of solutions, catalysts and flow rates.

Keywords
Micromotors • Microfluidics • Aqueous-Two-Phase-System • Autonomous Motion • Bubble
Propulsion
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Introduction
Soft micromotors are not yet abundantly designed. However, it will become increasingly
important in our current society, which focusses on green methods and biodegradable
materials. To this end, we turn to nature for inspiration to incorporate soft, self-assembled
materials. Most designs that utilize soft materials, still use inorganic catalysts1-3 or vice versa,
using inorganic materials and biocatalysts,4-7 which limits their possibilities in future
applications. Only few examples are known of completely biocompatible,6, 8 or biodegradable
autonomous structures.9-10 However, most designs are not completely soft and often
surfactant is added to facilitate bubble formation. This affects the nature of motion, since it
facilitates and stabilizes bubble formation by lowering the interfacial tension.11 This allows
for detachment but inhibits collapse of the bubbles. Although addition of surfactant is not
preferable, it is necessary for less active motors. Other effects influencing the nature of
motion are shape and roughness, which was studied for inorganic particles. Motors with a
concave shape are observed to move by bubble propulsion due to oversaturation, which is
easily reached in a confined space. However, convex motors require high catalytic activity
and surface roughness to generate and stabilize bubbles.12 In the absence of surface
roughness motors undergo self-diffusiophoresis due to the lack of nucleation points. Besides
speed and nature of motion, trajectories can be influenced as well. For example, by the
asymmetry of the particle, the size3 or the catalytic active site of spherical motors.13 By
decreasing the size of this active site, the trajectories become more directional. Although
some of these concepts were demonstrated on particular cases in inorganic particles, it has
not yet resulted in a wide applicable general approach to control the motion of the
micromotors.
Recently, microfluidics have been explored as a convenient method to produce
microparticles of different materials in an easy and high-throughput fashion.1, 14-17 However,
dimensions are often large up to hundreds of micrometers. We designed a bottom-up
fabrication method of small, enzyme-based, hydrogel micromotors using a microfluidic
device, which generates aqueous-two-phase-separated droplets based on poly(ethylene
glycol) diacrylate (PEGDA) and dextran.8 This design is utilized to study different effects on
motion and to serve as a micron sized model for our nanomotors.18-20 Furthermore, it is a
general method to make microbeads of any two immiscible solutions, of which one can be
crosslinked. Phase separation of different polymer, salt and surfactant solutions has been
studied extensively and showed that PEG forms many different aqueous-two-phase-systems
(ATPS), including pairs with polysaccharides and sulphate salts.21-22 Our microfluidic design
allows for easy change of solutions, catalysts and flow rates. This enables to gain control over
roughness, opening size and the nature of the catalyst, and their influence on motion. Here
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we show the versatility of this microfluidic tool and how to fine-tune the design to influence
both speed and trajectories.

Results and Discussion
Microfluidic Tool for Fine-Tuning Shape and Structure
Our microfluidic tool consists of three inlets for, respectively, oil, PEGDA and a corresponding
phase, one outlet and two cross-junctions, Figure 1A. In the first cross-junction a two-phase
jet is formed of PEGDA and its corresponding phase, after which it is emulsified by the oil in
the second cross-junction. The resulting phase-separated droplets are obtained at the outlet,
Figure S1, and UV-polymerization of the PEGDA phase results in asymmetric microbeads.
Finally, the particles are washed and transferred to the aqueous phase. By selecting the
corresponding phase, the inner surface roughness and the shape of the beads can be
adjusted. To this end, ammonium sulphate salt and three different molecular weight
polysaccharides were chosen to generate a variety of surface roughness. Both polymerpolymer and polymer-salt solution have the ability to phase separate under specific
conditions. However, both systems rely on a different method of separation.23 Polymerpolymer ATPS separates upon steric exclusion, while polymer-salt ATPS separates due to
dehydration, salting-out, of the polymer by the salt.24-25 For this reason, the design using
sulphate salt solution was chosen to obtain a smooth inner surface, since there is no polymer
present to induce roughness. The polysaccharide designs will generate beads with increasing

Figure 1. Schematic representation of the microfluidic tool, to generate aqueous-phase-separated droplets. A) 3Inlet microfluidic chip for aqueous droplet-in-droplet systems of PEGDA and a corresponding phase, such as
polysaccharides and sulphate salts. An asymmetric shape is obtained after UV polymerization. B) Different designs
depending on the corresponding phase to tune the inner surface roughness going from no roughness to high
roughness.
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inner surface roughness upon increasing molecular weight. Dextran 9-11 kDa is expected to
generate a smooth opening, due to diffusion of the polymer inside the gel. This was observed
in recent studies.8, 15, 26 Dextran 64-76 kDa will induce a rough surface. Ficoll 400 kDa, a
branched polysaccharide, was used to obtain a high degree of roughness.
Shape and opening size were studied using bright field microscopy, Figure 2A, and flow rates
were adjusted to the viscosity of the solutions to generate the same inner-to-outer-droplet
ratio for all polysaccharide designs, Figure S2. The polysaccharide designs result in
asymmetric beads, which look similar independent of molecular weight. The design utilizing
ammonium sulphate generated only particles resembling a hemisphere. Decreasing the flow
rates to get a smaller opening was not possible due to the instability of the sulphate salt flow.
Surface roughness was studied using cryo-scanning electron microscopy (cryo-SEM), Figure
2B. For all samples the outer surface of the PEGDA hydrogel is smooth, as expected. For the
inner surface we obtained different degrees of roughness, going from a smooth opening to
high surface roughness. The lowest molecular weight dextran (9-11 kDa) generated particles
with a smooth inner surface. The polysaccharide was expected to diffuse inside the PEGDA
gel and thus resulted in the same inner and outer surface. We hypothesized ammonium

5

Figure 2. Structural characterization of all different designs going from a smooth opening to high inner surface
roughness. A) Bright field microscopy images of the different designs. All polysaccharide designs result in spherical
beads with an opening. The ammonium sulphate design results in hemisphere hydrogels. Scale bar is 20 μm. B) CryoSEM images of all different designs going from a smooth opening to high inner surface roughness. For all designs
the outer PEGDA surface is smooth, however, the inner surface roughness changes depending on the corresponding
phase used. Dextran 9-11 kDa results in particles with a smooth opening. The ammonium sulphate design results in
hemisphere particles having small protrusions inside the opening. Dextran 64-76 kDa results in a rough inner surface
and particles made with Ficoll 400 have a high degree of roughness inside the opening. Scale bar is 10 μm.
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sulphate would not induce any roughness, since there is no polymer present to remain in the
opening of the particle. However, we see that small protrusions are formed on the inner
surface. This might be due to the salting-out of polymer at the ATPS interface eliminating it
from the salt solution, after which it is UV-polymerized. Dextran with molecular weight of 6476 kDa has a rough inner surface induced by the dextran. Ficoll 400 results in a more densely
packed roughness due to the higher molecular weight and the branched nature of this
polysaccharide.
A catalyst can be dissolved in the PEGDA phase, which upon UV-polymerization is entrapped
inside the gel network. This allows for incorporating both inorganic and biocatalysts to propel
the motor. Hydrogen peroxide is often used as fuel for motors and is decomposed by
platinum and catalase, respectively, an inorganic and a biocatalyst. Platinum nanoparticles
are less active than their enzymatic equivalent. Therefore, the motors start moving at higher
fuel concentration, but they increase speed upon increasing fuel concentration. In contrast
to biocatalysts, which are active at low concentrations of fuel and show an optimum in speed,
in this case at 4% hydrogen peroxide solution, Figure S3. To ensure efficient propulsion and
the soft nature of the micromotors, catalase is used to generate the propelling force for the
micromotors.
Fine-Tuning Speed
The shape of the particle dictates the orientation in which it floats in the water. Particles
having a large opening resembling a hemisphere, float with the opening up. Depending on
where the bubble pins, inside the opening or on the edge of the opening, the motor moves,
respectively, sideways or up and down. Buoyancy occurs by propulsion deeper in the solution
and floating back to the air water interface upon collapse and growth of the bubbles,
respectively. This is seen by the particle going slightly in and out of focus. The ammonium
sulphate particles, which are obtained in hemisphere shapes, show this behavior. If the
particles do align sideways, bubbles usually pin on the edges of the opening, which is the
roughest spot to nucleate a bubble for this design, Figure S4. Spherical motors with a small
opening show no preference for bubble nucleation inside the opening anymore. Bubbles
nucleate all around the motor counteracting each other’s force, which was observed for
motors with a smooth opening, Figure S5.
To study the influence of asymmetry on speed, the Ficoll 400 design was made for three
different openings, Figure 3A, having a large, normal and a small opening. Motors were
tracked for 10 seconds (4% hydrogen peroxide) and the speed was calculated as an average
of the 10 fastest particles of three movies. Speeds were obtained of 5.2, 7.4 and 7.1 body
lengths per second for large, medium and small openings, respectively. An optimum for the
medium opening size is observed and will be used for further experiments.
The inner surface roughness influences speed as well, since bubbles are more easily pinned
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on a rough surface. Therefore, more bubbles would be produced at a rough surface and thus
propel the motors at higher speeds. To exclude shape influencing the speed, we only take
into account the three polysaccharide designs with a medium opening. Motors were tracked
for 10 seconds at a fuel concentration of 4% hydrogen peroxide. The average of the 10 fastest
particles of each movie was calculated. The speed was found to be dependent on the inner
surface roughness of the motors, increasing speed for increasing degree of roughness, Figure
3B. Motors with a smooth inner surface obtained a speed corresponding to 3.0 body lengths
per second. Particles made by 64-76 kDa dextran, medium rough inner surface, obtained

5

Figure 3. Fine-tuning speed. A) Influence of shape on speed. The design with high surface roughness was studied for
three different opening sizes in a fuel concentration of 4% hydrogen peroxide solution. An optimum in speed was
observed for motors having a normal opening size. B) Influence of inner surface roughness on speed. All three
polysaccharide designs were studied in a fuel concentration of 4% hydrogen peroxide solution. Increasing the degree
of roughness will increase the speeds observed.
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speeds of 5.2 body lengths per second. Motors made with Ficoll 400, high inner surface
roughness, obtained the highest speed of 8.0 body lengths per second, with outliers going
up to 10 body lengths per second.
Fine-Tuning Trajectories
Surface roughness dictates the number of bubbles formed and their geometry and location,
and thus affects the trajectory of the motors. For smooth surfaces one bubble is formed
occupying the whole opening resulting in motion with mostly linear trajectories. We observe
two different types of bubble generation. First, in which the bubble remains located in the
opening and only slightly grows and shrinks, Figure 4A. Second, the bubble occupying the
opening grows and is pushed out and covers the complete opening. Since there is no
roughness inside the opening that dictates bubbles to nucleate at this location it will be
mostly caused by reaching oversaturation. Because of this, a larger number of motors
nucleating bubbles outside of the opening was observed. The motors with medium
roughness nucleate bubbles inside the opening, which pin on a rough spot. This nucleation
point is usually off-center and results in constant circular motion of the particles, Figure 4B.
Motors with high surface roughness nucleate multiple bubbles at the same time, Figure 4C.
Depending on the proximity of the bubbles they fuse together in one large bubble or remain
separated. The generation and collapse of multiple bubbles destabilizes the strictly circular
trajectory and result in trajectories which mimic tumble-and-run bacterial motion. For these
motors we see both strictly circular and tumble-and-run trajectories.

Figure 4. Influence of inner surface roughness on trajectories. A) Motors with a smooth inner surface generate one
bubble occupying the opening resulting in linear trajectories. B) Motors with medium roughness nucleate bubbles
on a rough spot in the opening which lead to circular trajectories. C) High surface roughness enables the nucleation
of multiple bubbles which destabilize circular motion into a tumble-and-run trajectory. Scale bar is 20 μm.
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Conclusion
In summary, we reported the versatility of our microfluidic tool to generate soft microbeads
of different designs. Shape and structure can be adjusted by selecting the nature, salt or
polysaccharide, and molecular weight of the corresponding phase to PEGDA. This generated
hemispheres for the sulphate salt design and spherical beads with an opening for the
polysaccharide designs. The molecular weight of the polysaccharide influences the inner
surface roughness going from a smooth opening to high roughness upon increasing
molecular weight. The concept of surface roughness enabling and enhancing bubble
propulsion was proven by designing motors with different inner surface roughness
depending on the molecular weight and branching of the polysaccharides. An increase in
roughness resulted in an increase in speed, due to easier pinning of bubbles on a rough
surface. Since roughness influences bubble pinning, it affects trajectories as well. Motors
with a smooth inner surface obtained the lowest speeds, showing mostly linear trajectories,
due to the generation of one bubble, which fills the whole opening. Motors with medium
roughness show trajectories which are strictly circular due to the bubble pinning on a rough
spot inside the opening. Motors with a completely rough compartment pin multiple bubbles
at the same time destabilizing the circular motion resulting into a tumble-and-run trajectory.
Our microfluidic design is compatible with different materials and catalysts allowing for finetuning the speed and trajectories of micromotors. Choosing all materials carefully, we can
fabricate slow or fast motors and select the nature of the trajectories, linear, circular or
tumble-and-run. Here, we focused on the influence of shape and surface roughness of PEGbased motors on motion, however, other aspects will affect motion as well and require
further investigation.
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Methods
PDMS Microfluidic Device
Monomer and initiator (10:1 w/w) were mixed vigorously and poured onto the silicon master
after which it was degassed. The PDMS was cured at 65 °C overnight, washed with
isopropanol and blow dried. The PDMS and a precleaned glass slide were exposed to oxygen
plasma treatment and bonded together. The channels were coated with
trichloro(1H,1H,2H,2H-perfluoro-octyl)silane (2% w/w in fluorinated oil) and the device was
baked at 110 °C overnight.
Synthesis of Platinum Nanoparticles
4 mL K2PtCl4 solution (20 mM in Milli-Q) was added to PVP (40 mg) and stirred for 48 hours.
After which L(+) ascorbic acid (35 mg in 1 mL Milli-Q) was added to the solution and mixed
for 30 minutes. Finally, the solution was sonicated for 1 hour at room temperature and
washed to remove excess capping agent.
Formation of Asymmetric Hydrogel Beads
All solutions were flushed with nitrogen to remove dissolved oxygen. Corresponding phase
(Dextran, Ficoll, Ammonium Sulphate, 20% w/w) and PEGDA (40% w/w) were independently
injected in the first cross-junction. Irgacure® 2959 (0.4 wt% final concentration) and catalyst
were added to the PEGDA solution prior to injection. The droplets were formed at the second
cross-junction by the introduction of an outer phase which consisted of a fluorocarbon oil
(HFE 7500) and surfactant (SS01, 1% w/w). The resulting two-phase-separated droplets were
collected in an Eppendorf and exposed to a focused UV beam (ߣ = 300-600 nm, 5 min, 20%
intensity) to crosslink the PEGDA phase. The emulsion was broken by adding 1H,1H,2H,2HPerfluoro-1-octanol (100 μL, 20% w/w in hexane), after which the beads were washed with
Milli-Q. Flow rates were adjusted to obtain the same inner-to-outer-droplet ratio for all
designs of around 0.4. Oil: 600 μL/h, PEGDA: 60 μL/h, Ammonium Sulphate: 20 μL/h, Dextran
(9-11 kDa): 20 μL/h, Dextran (64-76 kDa): 10 μL/h, Ficoll 400: 20, 10, 5 μL/h.
Autonomous Movement Experiments
Hydrogen peroxide solution (4% in Milli-Q) was prepared without any addition of surfactant.
A Petri dish of 3 cm in diameter was filled with hydrogen peroxide solution (3 mL), after which
micromotors (2 μL) were added. Recording started upon addition of the micromotors to the
fuel solution. Afterwards, the movies were analyzed using a home build tracking software.
Tracking started 20 seconds after addition for a period of 10 seconds.
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Supporting Information

5
Figure S1. Schematic depiction and bright field reconstruction of the microfluidic chip. The three most important
phases of droplet formation. 1.) The formation of droplets from the ATPS jet. 2.) Mixing of the droplets in the
meandering channel. 3.) Phase separation of the droplets in the divergent channel.
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Figure S2. Bright field image of all three polysaccharide designs for optimized inner to outer droplet ratio of around
0.4, before UV exposure. The dashed circles outline the inner and outer droplet and the arrows highlight inner
droplets. Left: Motors made with dextran 9-11 kDa, made with flow rates PEGDA:Dextran 60:20. Outer droplet
diameter: 19.99 ± 1.32 μm, inner droplet diameter: 8.00 ± 1.03 μm. Middle: Motors made with dextran 64-76 kDa,
made with flow rates PEGDA:Dextran 60:10. Outer droplet diameter: 22.20 ± 1.87 μm, inner droplet diameter: 9.03
± 1.10 μm. Right: Motors made with Ficoll 400, made with flow rates PEGDA:Dextran 60:10. Outer droplet diameter:
20.41 ± 2.22 μm, inner droplet diameter: 9.27 ± 1.49 μm. Scale bar 20 μm.
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Figure S3. Speed vs fuel concentration for micromotors made with dextran 64-76 kDa with either catalase or
platinum nanoparticles as catalyst. Movies are recorded at different concentrations of hydrogen peroxide. Motors
with catalase were tracked from 20 seconds after addition of the motors to the fuel for 10 seconds. Motors with
platinum were tracked for 10 seconds at different time points, since an incubation time until bubble propulsion was
observed. Motors containing catalase show a decrease in speed at high concentration of fuel, since catalase is
inhibited by the large amounts of hydrogen peroxide. The highest speeds are obtained at a concentration of 4%.
The motors containing platinum nanoparticles show no activity at fuel concentrations below 6%. The speed
increases with increasing fuel concentration which is common for inorganic catalysts, since they are not inhibited
by their substrates.
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Figure S4. Motors having a hemisphere shape, such as the ammonium sulphate motors, orient themselves with the
opening upwards. Besides the “normal” way of movement, the bubble growing inside the opening, we observe 3
different types of bubble generation. First, the bubble pins at the edge of the opening and propels the motor away
from the bubble. Since the bubble is floating with the opening up, propulsion is not very efficient. Second, the bubble
pins inside the opening, but the motor is facing upwards. This results in buouyancy, propelling the motor into the
water upon collapse and floating back to the interface upon growing the bubble. Thirdly, the motor is either facing
upwards or sideways and bubbles pin on either side of the motor. This way the motor is pushed to both sides and is
not moving.
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Figure S5. For motors having a small opening and no roughness we observe many motors pinning multiple bubbles
all around the particle. Due to a lack of roughness there is no preference of the bubble nucleating inside or outside
the opening and is only dependent on reaching oversaturation. Many motors still nucleate bubbles inside the
opening, since oversaturation is more easily reached at this location. These motors can still be propelled, the
direction will be away from the strongest bubble.
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Abstract
Motion is influenced by many different aspects of a micromotor’s design, such as shape,
roughness and the type of materials used. When designing a motor, asymmetry is the main
requirement to take into account, either in shape or in catalyst distribution. It influences both
speed and directionality since it dictates the location of propulsion force. Here, we combine
asymmetry in shape and asymmetry in catalyst distribution to study motion of soft
micromotors. A microfluidic method is utilized to generate aqueous-two-phase-separated
droplets, which upon UV-exposure form asymmetric microgels. Taking advantage of the
flexibility of this method, we fabricated micromotors with homogeneous catalyst distribution
throughout the microbead and micromotors with different degrees of catalyst localization
within the active site. Spatial control over catalyst positioning is advantageous since less
enzyme is needed for the same propulsion speed as the homogeneous system and provides
further confinement and compartmentalization of the catalyst. This proof-of-concept of our
new design will make the use of enzymes as driving force for motors more accessible, as well
as provide a new route for compartmentalizing enzymes at interfaces.

Keywords
Micromotors • Microfluidics • Autonomous Motion • Spatial Localization
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Introduction
New designs for micro- and nanomotors are often proposed, however, a thorough
understanding of the mechanism of motion and how to influence it is still lacking. One
example of this is the addition of surfactant to bubble propelled motors, which often is not
clearly mentioned and discussed. This enhances bubble formation and thus increases speed,1
however, it is not always noted that this changes the normal mechanism of motion.
Surfactant is such a strong additive that it dominates the mechanism of motion and can hide
smaller, more interesting aspects of the micromotor’s behavior. Surfactants are also not
present in biological systems, therefore, their addition in the study of the movement of
motors does not reflect real situations in biological environments.
There are many different aspects of a motor’s design that influence motion, such as
roughness,2, 3 shape,3-5 and materials of which the motors are made of.2, 6 One of the main
requirements of designing a self-motile system is asymmetry, which affects the motor’s
behavior greatly. Asymmetry, either in shape or catalyst distribution, dictates the location of
propulsion force and, thus, speed and directionality. Shape can dictate propulsion by, for
example, trapping the catalyst in a cavity with only one opening forcing the propelling force
through this one outlet.7-10 Other methods of dictating the location of propulsion force are
through concave shapes2, 11 as oversaturation is more easily reached there or by differences
in surface roughness, since roughness enables bubble pinning and can enhance bubble
propelled motion. Asymmetry in catalyst distribution is directly dictating the location of
propulsion force, since the location of the catalyst is where the reaction happens and thus
where the propelling products are formed. Asymmetry in catalyst distribution is easily
created for inorganic motors, a spherical particle becomes a motor upon sputtering or
growing a patch of catalytically active material.12-14 This inorganic, Janus-type motor has been
studied and modelled often due to its simple design. Nowadays, more complex motors are
designed, and inorganic catalyst are often replaced with their biological counterparts.10, 15-17
This increases biocompatibility, however, it also increases complexity, both structurally, since
the particles need different functionalization to be able to immobilize enzymes, as well as
practically, since enzymes are more difficult to work with as they demand a very specific
working environment. Furthermore, inorganic structures often have the enzyme immobilized
on the surface which can lead to a decreased activity due to functionalization and direct
exposure to high concentrations of fuel or other inhibiting chemicals.18-19 Asymmetric shapes
are mostly seen in soft self-assembled particles, the methods used for fabrication allow for
more flexibility in shape and choice of materials. Motors containing both asymmetry in shape
and catalyst distribution are limited,5 mostly soft materials are combined with inorganic
catalyst20-21 or inorganic structures with enzymes.15, 17, 22
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We propose a soft micromotor design that contains both asymmetry in shape and catalyst
distribution combining hydrogel and biocatalyst. A microfluidic chip generating aqueoustwo-phase-separated droplets is utilized to achieve asymmetry in the shape of the
microbeads. Due to the flexibility of this method, easy change of solutions and catalysts is
possible, without altering the overall structure of the motor. By taking advantage of this,
asymmetry in catalyst distribution is easily obtained for enzymes without the need for
complex immobilization methods. Here, we obtain spatial control over catalyst localization
to study its influence on motion.

Results and Discussion
Experimental Design
Micromotors are made using poly(ethylene glycol) diacrylate (PEGDA) and different
molecular weight polysaccharides via an aqueous-two-phase-system (ATPS) based
microfluidic chip, Figure 1A. This method generates a two-phase jet which is emulsified by a
surfactant containing oil to obtain a droplet-in-droplet morphology of two immiscible
aqueous solutions, Figure S1. The polysaccharide solution acts as a templating phase upon
PEGDA crosslinking with UV-exposure resulting in asymmetrical microbeads. Incorporation
of a catalyst will transform these inactive microgels into autonomously moving micromotors.
Here, we use a biocatalyst, catalase, which decomposes hydrogen peroxide into water and
propelling oxygen, Figure 1B. The enzyme can be incorporated in either phase, PEGDA or
polysaccharide, to obtain a homogeneous or asymmetric distribution, respectively, Figure 1C.
The molecular weight of the polysaccharide determines whether it can diffuse into the gel or
not and thereby determines the roughness inside the opening of the particle.2, 23

Figure 1. Schematic representation of the experimental design. A) Close-up of the ATPS-based microfluidic chip to
generate droplet-in-droplet morphology. B) Asymmetric microgels are obtained after UV-polymerization of the
droplets generated by the microfluidic chip, upon addition to hydrogen peroxide the catalyst, catalase, will
decompose the fuel to water and propelling oxygen. C) Two methods to position the catalyst, either homogeneously
through incorporation in the gel or spatially through adding it to the polysaccharide, templating phase.
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Polysaccharides of a molecular weight higher than 70 kDa are unable to diffuse into the gel
and will thus remain inside the opening inducing increasing roughness upon increasing
molecular weight. Polysaccharides below this molecular weight are able to diffuse inside the
gel and will leave a smooth opening behind, Figure S2. Here, we use dextran of 10 kDa and
70 kDa and Ficoll of 400 kDa which will result in smooth, medium rough and very rough
openings, respectively.2 Catalase can be dissolved either in the PEGDA phase or in the
polysaccharide phase. Dissolving the enzyme in the PEGDA phase will result in a
homogeneous distribution. Upon UV-exposure the PEGDA gel will form around the enzyme,
completely enclosing it. Dissolving the enzyme in the polysaccharide phase is expected to
localize the enzyme at the PEGDA-polysaccharide interface. Due to the size of the catalase,
250 kDa, it is unable to leak out of the gel when dissolved in PEGDA or diffuse completely
into the gel when dissolved in the polysaccharide phase. The degree of localization will be
dependent on the molecular weight polysaccharide that is used. A low molecular weight
dextran diffuses into the microgel and will leave the enzyme at the PEGDA interface, while a
higher molecular weight polysaccharide will not diffuse resulting in a more spread
distribution of the catalyst inside the opening.
Catalyst Distribution
Micromotors were generated containing fluorescently labeled catalase in the polysaccharide
phase, as a control fluorescently labeled catalase was dissolved in the PEGDA phase. Shape
and localization of catalyst was studied using confocal microscopy, Figure 2 and Figure S3. All
different microsystems were obtained in similar size and shape as can be seen in the bright
field images. Corresponding fluorescent images show the distribution of the enzyme inside
the microbeads, the location of the microgel itself is marked with a dashed line and the
fluorescence intensity profile was obtained over the solid line going from the opening into
the bead, left to right in the graph, respectively. Catalase in dextran 10 kDa is localized in a
sharp line onto the inner surface of the PEGDA gel, for higher molecular weight dextran, 70
kDa, the localization is more dispersed, while there is little fluorescence visible for the Ficoll
400 kDa. As a control, fluorescent catalase was dissolved in the PEGDA phase and a
homogeneous distribution throughout the bead was obtained for all three polysaccharide
systems, Figure S3. The observed localization is due to the (in)ability of the polysaccharide to
diffuse into the gel, and carry along the enzyme, depending on its molecular weight. When
the PEGDA phase starts polymerizing it will contract which enables the diffusion of low
molecular weight polymers into the gel. The gel will form around the polysaccharide and thus
entrap it inside. The enzyme itself has a molecular weight of 250 kDa and cannot diffuse
inside the PEGDA gel, as a result the enzyme is set-off at the PEGDA inner surface. At 70 kDa
dextran, PEGDA contraction still acts on the polysaccharide phase, however, the molecular
weight is too high to diffuse into the PEGDA gel and thus it remains in the opening of the
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microbead. As a results, a smaller degree of enzyme diffusion is observed towards the PEGDA
inner surface. Ficoll 400 kDa is more viscous because of its branched nature and, therefore,
is not affected by the contraction of the PEGDA and no enzyme diffusion at all occurs. The

Figure 2. Confocal microscopy images of the different micromotor systems. Catalase was labeled with a fluorescent
dye to analyze its position inside the motor. Bright field images are shown left and the corresponding fluorescence
images are on the right. The position of the motor is shown in dashed lines and the fluorescence intensity profile
(bottom left) was obtained over the solid line going from the opening inside the motor. Spatial control over the
catalyst was obtained by dissolving the enzyme in the polysaccharide phase prior to injection into the chip. Low
molecular weight dextran, 10 kDa, results in sharp localization at the PEGDA interface, while 70 kDa dextran has a
more diffused profile. For Ficoll 400 kDa little fluorescence is observed. As a control the catalyst was dissolved in the
PEGDA gel phase and a homogeneous distribution throughout the bead was observed. Scale bar is 20 μm.
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enzyme will remain diffused inside the opening and upon washing, it might leak out, as a
result little fluorescence is observed. Homogeneous localization of the enzyme is ensured by
dissolving catalase in the PEGDA phase. Upon UV-exposure, the PEGDA gel forms around the
enzyme resulting in a homogeneous distribution. The high molecular weight of catalase
inhibits the enzyme of leaking out of the PEGDA gel.
Motion Analysis
By localizing the catalyst inside the opening of the motor, less catalyst is needed to propel
the motor. The maximum amount of enzyme in the dextran phase is three times less than
the amount of catalyst in the PEGDA phase, this is theoretically calculated from the catalyst
concentration and the volume of the droplets. For the homogeneous system, the PEGDA gel
is formed around the catalase and is thus encapsulating it completely. Due to the enzyme’s
high molecular weight, 250 kDa, it is maintained inside the gel. For the localized system,
however, diffusion is the main driving force and the enzyme is not fully incorporated inside
the gel. Therefore, some of the enzyme might be leaking out, such as with the Ficoll 400 kDa
system. The actual amount of enzyme present in the motor is thus less and might differ in
between motors and in between batches. Motors were added to 4% hydrogen peroxide
solution and tracked at 20 seconds after addition to the fuel for 10 seconds. The enzyme
decomposes the hydrogen peroxide into water and propelling oxygen. Oxygen bubbles are
formed in the opening of the motor as oversaturation is easily reached, due to the concave
shape and catalase localization, and by easy pinning of bubbles due to surface roughness.
Oxygen bubbles nucleate inside the opening, propelling the motors in the opposite direction,
Figure 3A. Circular trajectories are dominant for all three systems, Figure 3B. This is due to
the location of bubble pinning, which is more likely to be off-center resulting in circular
motion. For dextran 10 kDa we observe linear trajectories as well, this system relies more
than the other systems on oversaturation to form bubbles. Bubbles formed by
oversaturation occupy the whole opening and are more likely to result in linear trajectories.
For Ficoll 400 kDa we observe a combination of circular and tumble-and-run-like trajectories.
This is due to the generation and collapse of multiple bubbles which destabilize the strictly
circular motion.
Even though the catalase content is very low, the motors are propelled efficiently, Figure 4A.
Compared to previous data with homogeneous catalyst distribution,2 localized enzyme
results in similar speeds for both dextran 10 kDa and 70 kDa. Since the localized system is
based on diffusion and not all the enzyme is maintained, larger differences in speed in the
same batch and between batches exist resulting in larger error bars. The speed for Ficoll 400
kDa drastically decreased, as was expected, since little catalase was observed in this system.
Even though the catalyst loading is very low, this system has the highest roughness which
makes bubble pinning easier. Therefore, bubble propelled motion is still observed.
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Figure 3. A. Bright field microscopy overlay of bubble propulsion of the three different polysaccharide systems with
an interval of 0.5, 1, and 6 seconds for dextran 10 kDa, 70 kDa and Ficoll 400 kDa, respectively. B. Typical trajectories
of each motor system. Scale bar is 20 μm.

Enzyme activity assays were conducted to study the role of UV-exposure and the polymer
solution on enzyme activity, Figure S4. Catalase solutions before and after UV-exposure
exhibit the same enzyme activities and thus the UV-exposure used to crosslink the
microbeads does not damage the enzyme. Enzyme activity in the PEGDA phase is similar for
dextran 10 kDa and dextran 70 kDa solutions, showing increased activities compared to MilliQ, while in Ficoll 400 the activity decreased. These polymers are often used as crowding and
stabilizing agents and are known to affect enzyme activities.24-27 There is no increased
enzyme activity in polysaccharide solutions compared to the PEGDA solution and, therefore,
this cannot be the cause of the relatively high speeds obtained by the localized system.
The speed of the motors over time was studied as well. This was done by analyzing the
instantaneous speed, which is the speed for each time point, Figure 4B. The instantaneous
speed of the motors was averaged for each 5 seconds and plotted up to 60 seconds after
addition of the motors to the fuel. For both dextran 10 kDa and 70 kDa the overall trend of
both homogeneous and localized system is similar. The speed for localized Ficoll 400 kDa
decreases slowly, while we see a continuous rapid decrease in speed for the homogeneous
system. The decrease of speed over time is due to the inhibition of the enzyme by its own
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Figure 4. A. The average speed over 10 seconds of the enzyme-localized systems compared to the previously
reported homogeneous systems2 for all three polysaccharides at 4% hydrogen peroxide concentration. B. The speed
of both systems was analyzed over a time-course up to 60 seconds after addition at 4% hydrogen peroxide
concentration.

fuel. Even though the enzyme is more exposed to the environment in the localized system
compared to the homogeneous system, the activity over time is not affected.

6

Conclusion
Here, we reported the proof-of-concept design to obtain spatial control over biocatalysts via
a simple and general method that does not require complex functionalization. The
microfluidic method shown here can be used to generate double emulsions from any ATPS
couple and is therefore very versatile in its use. Cargo can be easily replaced and switched
from one phase to the other. This makes it an ideal tool to study the influence of different
aspects on the microparticle’s structure and motion. PEGDA-polysaccharide micromotors
were successfully generated and the catalyst incorporated in either phase, PEGDA or
polysaccharide, resulted in a homogeneous or localized distribution, respectively. Different
molecular weight polysaccharides result in different degrees of spatial control. A sharp
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localization was obtained at low molecular weights while it was more dispersed for high
molecular dextran, however, still localized inside the opening of the particle. For Ficoll 400
kDa little enzyme was observed inside the opening.
Even though the enzyme is more exposed to the environment at the interface compared to
inside the gel, all three localized systems display efficient bubble propulsion. Both dextran
10 kDa and 70 kDa localized systems obtained similar speeds as the homogeneous system,
also their speed decrease over time did not differ from the homogeneous systems. Since
Ficoll 400 kDa didn’t contain much enzyme, its speed is drastically lower than the speed of
the homogeneous Ficoll system, as was expected. Enzyme activity assays were performed to
rule out any influence on activity from the surrounding polymer solution. Since there is no
increased activity in the polysaccharide solutions compared to the PEGDA solution, we can
conclude that the spatial localization is the only factor leading to the observed high speeds.
This gives new insights regarding the mechanism of motion of these soft micromotors.
Efficient bubble propulsion can be obtained with a low amount of catalyst when it’s localized
at the site of action. Obtaining similar speeds for both homogeneous and localized systems
suggests that only the small amount of enzyme near the inner surface contributes to motion.
This might be caused by the high density of the PEGDA gel, not allowing the fuel to fully
penetrate the gel and reach the enzyme located further inside.
This new method will open up new possibilities for compartmentalization of cargo and the
use of enzymes as propelling agents. Even though enzymes are biocompatible and superior
in activity and sensitivity over inorganic catalyst, they do exhibit a narrow range of optimum
efficiency and have a short life-time outside their natural environment. This makes them
more difficult to handle than their inorganic counterparts and are therefore, unfortunately,
not used as much. This new design provides a simple method to obtain localization and
compartmentalization of biocatalysts while maintaining their activity, which will make the
use of biocatalysts as propelling forces more accessible.
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Methods
Materials
All chemicals and enzymes were used as received unless otherwise stated. Sylgard® 184
silicone elastomer kit was used for the fabrication of the PDMS microfluidic chip.
Trichloro(1H,1H,2H,2H-perfluorooctyl)silane
(97%),
dextran
from
leuconostoc
mesenteroides (average mol wt 9-11 kDa, and 64-76 kDa), FITC-dextran average mol wt 10
000 and 70 000 (ߣex 492 nm, ߣem 518 nm), Ficoll 400, poly(ethylene glycol) diacrylate
(average Mn 575), photoinitiator 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone
(98%), 1H,1H,2H,2H-perfluoro-1-octanol (97%), Catalase form bovine liver ( >99%, >20.000
u/mg and >10.000 u/mg) were purchased from Sigma-Aldrich. Alexa Fluor® 647 NHS Ester
was purchased from ThermoFischer. FluoroSurfactant (008) was purchased from Ran
Biotechnologies.
PDMS Microfluidic Device
Sylgard® monomer and initiator (10:1 w/w) were mixed and poured onto the silicon master
after which it was degassed under vacuum for at least 4 hours. The PDMS was cured at 65 °C
overnight, washed with isopropanol and blow dried. After oxygen plasma treatment, the
PDMS was bonded to a glass slide. The channels were coated with trichloro(1H,1H,2H,2Hperfluoro-octyl)silane (2% w/w in fluorinated oil) and the device was baked at 110 °C
overnight.
Micromotor Fabrication
All solutions were flushed with nitrogen for at least 0.5 hours, the fluorocarbon oil (HFE 7500)
was flushed for 15 minutes, to remove dissolved oxygen. Dextran (20% w/w) and PEGDA
(40% w/w) were independently injected in the first cross-junction. The photo-initiator was
added (0.4 wt% final concentration) to the PEGDA solution prior to injection. The droplets
were formed at the second cross-junction by the introduction of an outer phase which
consisted of a fluorocarbon oil (HFE 7500) and surfactant (SS08, 2% w/w). The resulting
emulsion was collected in an Eppendorf. UV curing of PEGDA was achieved by exposing the
emulsion to a focused UV beam (ߣ = 300-600 nm, 5 min, 20% intensity). The emulsion was
broken by adding 1H,1H,2H,2H-Perfluoro-1-octanol (100 μL, 20% w/w in hexane), after
which the beads were washed with Milli-Q.
Catalase (>20.000 u/mg) was added prior to injection, 6 mg/ml and 18 mg/ml for the PEGDA
and polysaccharide phase, respectively. The volume ratio of PEGDA:polysaccharide is roughly
9:1, taking into account the relative concentrations the overall catalase content is three times
higher in the homogeneous system compared to the localized system.

127

6

Chapter 6

Flow rates: Oil: 600 μL/h, PEGDA: 60 μL/h, Dextran 10 kDa: 20 μL/h, Dextran 70 kDa and Ficoll
400 kDa: 10 μL/h.
Catalase Labelling.
Coupling was carried out as described in the manual of the Alexa Fluor® 647 dye.
Activity Assay
Activity assay of catalase was performed by monitoring the absorbance of hydrogen peroxide
at a wavelength of 240 nm over time. Catalase solutions were made with the aforementioned
polymer concentrations and diluted to an end concentration of 400 u/mL. To the cuvette
was added: Milli-Q (890 μL), H2O2 (0.35%, 100 μL), and enzyme solution (400 u/mL, 10 μL).
Time-spectra were taken measuring absorption every 5 seconds.
Autonomous Movement Experiments
A Petri dish of 3 cm in diameter was filled with hydrogen peroxide solution (3 mL), after which
micromotors (2 μL) were added. Recording started upon addition of the micromotors to the
fuel solution. Afterwards, the movies were analyzed using a custom-build tracking software.
Tracking started 20 seconds after addition for a period of 10 seconds and the average speed
was calculated over the ten fastest micromotors of each movie and averaged over three
experiments.
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Supporting Information

Figure S1. Bright field images of the droplet-in-droplet morphology of all three polysaccharide systems
directly obtained from the microfluidic set-up. The large phase (large circle) is the PEGDA phase, while the
small phase (small circle) is the polysaccharide phase. Scale bar is 20 μm.
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Figure S2. Confocal images of FITC-labeled dextran in corresponding molecular weight of 10 kDa and 70
kDa. Dextran of a molecular weight of 10 kDa is able to diffuse inside the PEGDA gel upon crosslinking
resulting in homogeneous distribution of dextran throughout the gel and a clean socket. Dextran of 70 kDa
molecular weight is too large to diffuse inside the gel and remains inside the opening after crosslinking.
Scale bar is 20 μm.
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Figure S3. Confocal images of the fluorescently labeled catalase dissolved in the PEGDA phase. For all three
polysaccharide systems a homogeneous distribution is obtained, as was expected. Scale bar is 20 μm.

6

133

Chapter 6

Figure S4. Activity assay of catalase before and after UV-exposure (left) and in different aqueous solutions
(right). The UV-absorption of hydrogen peroxide was measured at a wavelength of 240 nm over time.
Catalase decomposes hydrogen peroxide, this will decrease the hydrogen peroxide concentration and thus
the absorbance. The activity of the enzyme under different circumstances can thus be studied. Hydrogen
peroxide solution without the addition of enzyme was used as a blanc. The concentration remains constant
and a horizontal trend is observed. The time dependent absorbance of hydrogen peroxide was measured
for catalase before and after UV-exposure. As can be seen in de graph on the left, both lines overlap, from
this we can conclude that the enzyme was not damaged by UV-exposure. In the graph on the right we
plotted the activity assays of catalase in the different solutions of our micromotor system, including Milli-Q
as a reference point. Here we observe that PEGDA, dextran 10 kDa and dextran 70 kDa have similar slopes
which decrease faster than that of Milli-Q. Therefore, the enzyme is more active in these three solution
compared to Milli-Q. Ficoll 400 on the other hand has a more shallow slope and catalase is thus less active.

134

Spatial Control over Catalyst Positioning for increased Micromotor Efficiency

6

135

136

7. Future Perspectives

Chapter 7

Future Perspectives

Chapter 7
Future Perspec�ves

Shauni Keller, Moussa Boujemaa, René Dekkers, Guo Xun Hu, Martina Morosini, Luuk Daris,
Shauni
Keller, Moussa Boujemaa, René Dekkers, Guo Xun Hu,
Daniela
A. Wilson

Mar�na Morosini, Luuk Daris, Daniela A. Wilson

137

7

Future Perspectives

From the first micromotor to be designed,1 dimensions became smaller and smaller, down
to the atomic scale.2 However, with these nanoscale dimension came new challenges. Up
until now, the size and structure of nano-sized particles can only be visualized with static
techniques, such as electron microscopy. Using these techniques, it is yet impossible to study
motion related to shape and structure. Therefore, larger systems are designed again to study
different aspects of motion. Among the first motor designs were the inorganic micromotors
and these have thus been studied for a long period prior to the design of soft micromotors.
A lot of knowledge exists in the inorganic motor field; however, it is not clear if these findings
can be extrapolated to soft motors as well. Some examples of the inorganic motor field are
the influence of shape,3-4 surface roughness,4 and the size of the catalytic patch5 on speed
and trajectories.
In this thesis, we set out to fabricate a micron-sized motor model system and gain more
insight in the mechanism of motion of soft, self-assembled motors. We designed several
micromotor systems and studied the influence of shape, surface roughness, opening size,
nature of the catalyst, and location of the catalyst on speed and trajectories. Although we
made great progress in unraveling bubble propelled motion, there is still a whole world to
explore.

Two-Gel Micromotors
One of the asymmetric microbead designs of Chapter 3 that we did not get to study in motion
is the two-gel system. The PPGDA-PEGDA system might not be the most desirable to use,
due to the hydrophobicity of the PPGDA the motors can cluster and motion will be disrupted.
The PVA-PEGDA is challenging as well, regarding the PVA crosslinking procedure. The acidic
environment inactivates the enzyme and thus the motors will not be active. Even though
these two examples might not be suitable designs, the overall two-gel structure is interesting
to utilize as a micromotor. Such a system can function as a soft equivalent of the inorganic
micromotor used to study the effect of catalyst distribution on trajectories.5 These
micromotors were fabricated with different catalyst distributions, full coverage, half
coverage, and 20% coverage to study its effect on motion. Full catalyst coverage resulted in
bubbles formed on all sides of the particle and thus in random trajectories. A smaller catalytic
site resulted in more directionality, since bubbles can only be formed on one side of the
particle. We can mimic this system by designing three different motors. A spherical motor
consisting of one gel and homogeneous catalyst distribution, mimicking full-coverage. A
Janus-like, half-half, two-gel structure, mimicking half-coverage, and, lastly, a two-gel
structure with a large and a small phase and the enzyme dissolved in the smaller phase,
Figure 1. Using these three systems, we can mimic the confined catalytically active patch on
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Figure 1. Schematic depiction of the two-gel system as micromotor. This system can serve as a mimic of the wellstudied inorganic Janus-motors. The size of the smaller gel and thus the catalytically active patch, is expected to
influence the motor’s trajectories.

inorganic micromotors and study the influence on trajectories. The two-gel system is
spherical in shape and it is, therefore, less likely to obtain circular motion. Bubbles formed
on the smaller gel will always be in line with the center of the microparticle and linear
trajectories are thus more likely.

Multi-Enzyme Micromotor
The enzyme catalase is often used as a propelling agent in micro- and nanomotors, because
of its high turnover rates which result in efficient propulsion. However, hydrogen peroxide,
especially in high concentrations, is not biocompatible and thus these systems are unlikely
to be used in biomedical applications. An enzyme cascade can overcome this problem by in
situ generation of hydrogen peroxide from a bio-available fuel. This was done previously for
the polymer stomatocyte nanomotors, where glucose oxidase (GOx) was coupled with
catalase (Cat).6-7 Using this enzyme cascade the biologically available fuel glucose could be
used to propel the system. Glucose will be oxidized by glucose oxidase into glucono-lactone
which spontaneously hydrolyzes to gluconic acid forming hydrogen peroxide as a side
product.8 This hydrogen peroxide can then be used as a fuel for catalase to produce water
and propelling oxygen, Figure 2.
We tried the same enzyme cascade to propel the micromotor. Glucose oxidase and catalase
were dissolved in the PEGDA phase in a three to one ratio. Motors were prepared as usual
and analyzed with a bright field microscope coupled to a high speed camera. Upon addition
to the glucose solution, the motors did not show any bubble propulsion and thus did not
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Figure 2. Schematic depiction of the GOx-Cat enzymatic cascade as propelling agent for nanomotors and its
translation into micromotors.

move. However, when added to a hydrogen peroxide solution bubble propulsion was
observed. From this we could conclude that enough catalase was present to propel the
motors and thus the limiting factor was the GOx.
To further investigate the activity of glucose oxidase, we performed activity assays tracking
the production of hydrogen peroxide at 240 nm, Figure 3. We noticed an increase in
absorption for the first minute, after which the signal stabilized. In the following activity assay
we added four times as much glucose, to see if the substrate is the limiting factor. The signal
stabilized quickly and only a slightly higher absorbance was observed. Therefore, the
substrate was not the limiting factor. In the third assay, twice as much GOx was added to the
original glucose concentration. We would expect an absorbance twice as much signal since
twice as much fuel can now be oxidized to hydrogen peroxide. However, the amount of
hydrogen peroxide produced did not change in respect to one dose GOx. Both the fuel
concentration and the enzyme concentration are thus not the limiting factor.
Further studies involved subsequent addition of two doses of GOx and one dose Cat to study
the possible inactivation of GOx. If the first dose of GOx is inactivated, an extra dose of fresh
GOx should react with the left over glucose. Upon addition of Cat, the hydrogen peroxide is
decomposed and the concentration should decrease and thus also the absorbance signal.
The first dose of GOx produced hydrogen peroxide and reached a stable signal within the
first minute. The subsequent dose resulted in a slightly less absorbance increase as the first
dose. Upon addition of catalase an increase in absorbance signal was observed followed by
a rapid decrease and a slight increase to a stable signal again. If GOx inactivation is the limiting
factor, a second dose should result in the same absorbance increase as the first dose.
However, a smaller increase was observed. Upon Cat addition, an increase in absorption was
observed. This is not possible if the GOx is inactivated. Therefore, we can conclude that GOx
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is still active. The increase in absorbance to a stable signal at the end, instead of a continuous
decrease, indicates as well that the GOx is still active.
The only difference within the subsequent analysis, in respect to the third assay, Figure 3C,
was the opening and shaking of the cuvette. This implies that oxygen is the limiting factor.
This was further demonstrated upon adding catalase, instead of the signal dropping
drastically due to the decomposition of hydrogen peroxide, it first increased. This increase is
caused by the extra oxygen getting dissolved in the solution and thus activating the glucose
oxidase again, after which the catalase starts decomposing the hydrogen peroxide. Upon

Figure 3. Activity assay of glucose oxidase (GOx) monitoring the generation of hydrogen peroxide at a wavelength
of 240 nm. A) Standard activity assay of GOx in glucose producing hydrogen peroxide B) Activity assay using four
times more glucose in respect to A. C) Activity assay using two times more GOx in respect to A. D) Activity assay with
subsequent addition of GOx and catalase.
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decomposition of the fuel, oxygen is produced which activates glucose oxidase, in the end
production and decomposition of hydrogen peroxide is in equilibrium.
From this we can conclude that there is too little oxygen dissolved inside the solution to keep
glucose oxidase active. Most probably the oxygen produced by catalase is used by glucose
oxidase to oxidize glucose and, therefore, there is not enough oxygen left to actively propel
the micromotor.
Even though the glucose oxidase-catalase cascade did not work for the PEGDA-dextran
micromotor, it is still a very interesting concept. With some adjustments the cascade might
result in efficient motion. First of all, the use of oxygen-saturated fuel solutions might prolong
the activity of the GOx. Changes in the micromotor system itself can help obtain motion as
well. For example, spatial separation of the two enzymes. Localizing GOx inside the PEGDA
gel and Cat at the opening’s surface, using the design reported in Chapter 6, or using a twogel system from Chapter 3, localizing each enzyme in one of the gels. Separation of the
enzymes can prevent the immediate consumption of oxygen by GOx so that it can be used
for propulsion of the motor. Furthermore, smaller, lighter micromotors can overcome the
need for high oxygen production and the motors might function with lower enzyme activities.

Stimuli Responsive Micromotors
In this thesis, we have shown how to gain control over the propulsion output by adjusting
the micromotor design. However, direct, on-demand control over the motors propulsion is
still lacking. Examples in literature commonly obtain control over the motor’s trajectory by
employing magnetic guidance.9-12 A similar approach has been applied by our group for
stomatocyte nanomotors, upon growing a layer of metallic nickel inside the opening of the
particle, magnetic control was obtained.11 This approach to gain control is easily obtained by
incorporating magnetic material into the motor’s design and has been reported frequently.
A more sophisticated approach is to have a build-in mechanism with which the motor is able
to respond to changes in its environment, such as substrate concentration,13-14 light,15
temperature,16 pH,17 or redox-potential.18 This would be beneficial for active drug delivery
systems, where the active particles can respond to environmental changes related to the
targeted location. Upon this change, the motors can increase or decrease their speed
resulting in a better local accumulation of the active particles and, upon cargo release, of the
drug.
Control over stomatocyte nanomotor’s speed upon a temperature stimulus has been studied
previously. A temperature-responsive polymer was immobilized around the stomatocytes
valve. Upon temperature increase, the polymer became hydrophobic and collapsed onto the
valve inhibiting fuel to reach the catalyst. Upon temperature decrease, this phenomenon
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reversed, opening up the valve again. Using this approach the nanomotor could be turned
“on” and “off”, Figure 4A.16 This seemed a great approach to incorporate in the micromotor
design as well. In this case a stimuli-responsive polymer will be mixed in with the PEGDA
solution, upon crosslinking a stimuli-responsive gel will be obtained which can respond to a
change in environment. The stimuli-responsive polymer will become hydrophobic and
collapse. This will induce shrinkage of the gel, closing the gel’s pores and inhibiting fuel to
reach the catalyst, Figure 4B.
We initiated the design of stimuli-responsive microgels by incorporating the temperatureresponsive polymer poly(N-isopropylacrylamide) (PNIPAM) inside the PEGDA phase. PNIPAM
is often proposed for biomedical applications due to its LCST being close to physiological
temperatures. Upon heating above the LCST, PNIPAM transitions from a hydrophilic coil to a
hydrophobic globule structure. This hydrophobicity resulted in clustering of the microgels
upon heating and dispersing again upon cooling. The small amount of relatively low
molecular weight PNIPAM (Mn 2000) was not enough to induce shrinkage of the dense
PEGDA microbead. Even though we did not obtain a change in shape, this system might result
in the desired effect of turning motors “on” and “off”. When the temperature increases and
the motors cluster together they will counteract each other’s propulsion resulting in a
decrease in speed.

Figure 4. Schematic depiction of the temperature-responsive nanomotors to gain control over speed (A) and its
translation into micromotors (B).
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To increase the thermo-responsive effect of PNIPAM on the microbead, a less dense and thus
more flexible PEGDA microbead can be fabricated. A larger pore size, and thus lower density,
can be obtained by either adding less initiator, decreased UV-exposure, lower concentrations
of PEGDA or higher molecular weight PEGDA. Another option is to incorporate a higher
molecular weight or branched PNIPAM or incorporate a block-copolymer of PNIPAM-PEGmonoacrylate. The main disadvantage of this approach is that the larger pore-size will enable
the enzyme to leak out of the gel. This might be solved by co-polymerizing the enzyme with
the PEGDA gel.
Another option is to stay closer to the original nanomotor design and close-off the opening
of the motor. By mixing the PNIPAM together with the polysaccharide phase, it might be
possible to close off the opening upon increasing temperature. This would be best
incorporated with the enzyme localized system, as reported in Chapter 6. Upon collapse of
the PNIPAM, the enzyme will be cut-off from the fuel and bubble propulsion will be inhibited.

Ultra-Small Micromotors via Induced Phase Separation
Even though the micromotors reported in this thesis are relatively small, the size-gap
between the micromotors and the previously reported nanomotors is still enormous, going
from 20 μm to 200 nm, a factor of 100 difference. The size of the particle determines the
environmental forces it is exposed to. Micron-sized particles undergo macroscopic forces
and are thus facing gravitational force. Nanomotors, on the other hand, experience low
Reynolds numbers and Brownian motion.19 This gives rise to different challenges regarding
propulsion and might lead to different, and sometimes unexpected, behavior. Motors of
similar design but with different dimensions have been reported to change propulsion
mechanism and as a result direction of motion upon decreasing size. 20 Therefore, results
obtained from micromotors cannot be directly extrapolated to the nanomotor regime. To
gain better insight in the behavior of nanomotors by studying micromotors, the motors
should be as small as possible while still visible using bright field microscopy techniques. A
micromotor design of several micrometers can close the gap, Figure 5. Particles with these
dimensions undergo nanoscale forces, while they are still visible with light microscopy.
Microfluidic chips have many advantages, however, depending on the fabrication method,
they also have a size limitation. In this thesis, we utilize a silicon mold fabricated by
photolithography. A silicon wafer is coated with a photoresist and a pattern is illuminated
with UV-light. Upon development the pattern is transferred into the silicon wafer. This
method is theoretically limited by the wavelength of the incident light. However, it is difficult
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Figure 5. Schematic depiction of the size-range of different micro- and nanomotors. The size gap between the
micromotor reported in this thesis and the previously reported stomatocyte nanomotor is still enormous, a factor
of 100 difference. To close the gap and gain better insight into the mechanism of motion at the nanoscale,
micromotors of a few micrometers are designed.

to fabricate microfluidic chips with smaller dimensions than the one utilized in this thesis
without the access of a clean room and specialized equipment.21 Therefore, we are
developing a vortex-based emulsion system to generate microbeads of a couple micrometers
in size. As a starting point, we kept all the components the same as for the microfluidic
system to not further complicate the system and to generate an exact copy of the larger
system. The two aqueous phases, PEGDA and dextran, are mixed by vortexing and further
emulsified by introducing oil with surfactant. Small ATPS microdroplets were produced using
this method and polymerized upon UV-exposure. Asymmetrical microgels were obtained,
however, the sample had a large size distribution of the particle itself, from 5 μm to 30 μm,
as well as of the opening. Since PEGDA and dextran immediately phase separate and upon
vortexing form an emulsion of themselves, it is difficult to generate monodisperse droplets
of the same PEGDA-to-dextran ratio throughout the sample.
This challenge can be solved by utilizing induced-phase-separation. A homogeneous polymer
mixture can phase separate upon a stimulus, such as a change in temperature or water
extraction.22 Here, we utilize the water extraction method. The homogeneous polymer
mixture contains concentrations of polymer just below the binodal curve, see Chapter 2. In
this situation the polymers form a homogeneous mixture, but are also very sensitive to
changes in their environment. Water extraction will reduce the water content and thus
increase the relative polymer concentrations, bringing it above the binodal curve upon which
phase separation occurs. To utilize this method for microbead formation, an emulsion of the
homogeneous polymer mixture in oil is generated, Figure 6. After which a water attractant is
added to the oil, upon which phase separation is induced. UV-exposure will polymerize the
PEGDA phase and small, asymmetric microbeads are obtained. Using this proposed method,
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Figure 6. Method for generating small micromotors by induced phase separation. A homogeneous polymer mixture
is emulsified, after which water is extracted by a water attractant. This will increase the concentrations of the
polymers and induce phase separation. Upon crosslinking small asymmetrical microbeads are obtained.

the PEGDA-to-dextran ratio in all droplets will be the same and will result in a monodisperse
microbead sample.
Another approach is the use of nanofluidic chips. Since fabrication of a mold for nanofluidic
devices needs specialized equipment, we applied and were granted NFFA funding to custom
make a nanofluidic chip for this purpose. The Paul Scherrer Institute in Switzerland helped
designing a nanofluidic equivalent of our microfluidic chip, Figure 7. By utilizing e-beam
lithography and reactive ion etching the double negative pattern is made into a silicon wafer.
This pattern is then transferred to Ormostamp, which is an UV-curable hybrid polymer. This
negative copy can be used to fabricate the PDMS nanofluidic chips.23

7

Figure 7. Schematic depiction of the custom-made nanofluidic chip to generate ultra-small, double emulsions.
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Motoren die uit zichzelf kunnen voortbewegen worden in alle vormen en maten gemaakt.
Sinds de productie van de eerste micromotor is er veel onderzoek gedaan naar het kleiner
maken van deze motoren, voornamelijk voor biomedische applicaties. Met de miniaturisatie
van de motoren komen ook een aantal problemen aan het licht. Hoe deze nanomotoren eruit
zien kan enkel met statische technieken worden gevisualiseerd. Met deze technieken kan
beweging (nog) niet worden bestudeerd en daarom is het momenteel nog niet mogelijk om
beweging in relatie tot de vorm en structuur van deze nanomotoren te bestuderen. Door
grotere motoren, namelijk micromotoren, te maken die te visualiseren zijn met een
eenvoudige microscoop kunnen we dit wel bestuderen.
Er zijn twee verschillende soorten motoren, motoren die ofwel van hard ofwel van zacht
materiaal gemaakt zijn. De zogenoemde harde motoren zijn grondig bestudeerd, waardoor
bekend is hoe ze voortbewegen. Echter weten we niet of hetzelfde principe geldt voor zachte
motoren. Zachte motoren worden vaak ontworpen naar het voorbeeld van biologische
motoren. Dit betekent dat ze van zacht, biocompatibel materiaal gemaakt zijn en volgens de
bottom-up methode samengesteld zijn. Daarnaast speelt asymmetrie een grote rol, wat van
cruciaal belang is voor doelgerichte beweging. Rekening houdend met bovengenoemde
criteria ontwerpen we in dit proefschrift zachte micromotoren. Vervolgens onderzoeken we
de bubbel-gedreven beweging en hoe dit beïnvloed kan worden.
In Hoofdstuk 1 duiken we de literatuur in en onderzoeken we hoe zachte nanomotoren
gemaakt worden. We kijken specifiek naar de nanomotoren van de Wilson groep en dan in
het bijzonder hoe deze motoren geproduceerd worden, welke aspecten invloed hebben op
de zelf-assemblage van deze nanodeeltjes en hoe een katalysator geïncorporeerd kan
worden om bubbel-gedreven voorstuwing te krijgen. Daarnaast kijken we naar verschillende
manieren om nano- en micromotoren meer biocompatibel te maken. In dit hoofdstuk vragen
we ons ook af wat precies het onderliggende mechanisme van beweging is en hoe we meer
controle kunnen krijgen over de beweging, snelheid en richting van de nanomotoren.
Om zachte, biocompatibele deeltjes te maken onderzoeken we het gebruik van waterigetwee-fase systemen in microfluïdische opstellingen in Hoofdstuk 2. Waterige-twee-fase
systemen worden gevormd door twee incompatibele polymeren of een polymeer en een
zout in water. Dankzij deze fasescheiding kunnen ze emulsies vormen. Microfluïdische
opstellingen kunnen gebruikt worden om zowel monodisperse emulsies als complexe
emulsies te maken. De aard van de emulsie hangt af van het aantal inlets en de verschillende
gebruikte oplossingen.
In Hoofdstuk 3 beginnen we met het ontwerpen van de basis van de micromotoren, de
asymmetrische microdeeltjes. Dit doen we met behulp van microfluïdische technieken. Door
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gebruik te maken van het fenomeen water-water fasescheiding in de microfluïdische chip
kunnen we asymmetrische dubbele of driedubbele emulsies maken. Als één of meerdere
fasen polymerizeerbaar zijn resulteert dit in asymmetrische deeltjes in vorm of compositie.
In dit hoofdstuk onderzoeken we verschillende materialen en combinaties en verschillende
polymerisatie methodes om asymmetrische microdeeltjes te verkrijgen. De dubbele emulsie
van polymerizeerbaar poly(ethylene glycol) diacrylate (PEGDA) en inerte polysachariden
gecrosslinked met UV-licht is het makkelijkst hanteerbaar en zorgt voor de nodige flexibiliteit
om verschillende aspecten van de motor in relatie tot beweging te onderzoeken.
Deze asymmetrische microdeeltjes worden getransformeerd in micromotoren door een
katalysator in de polymerizeerbare PEGDA fase te mengen in Hoofdstuk 4. Hier gebruiken we
het enzym catalase, dat waterstofperoxide omzet in water en zuurstof bubbels. Deze reactie
zorgt voor de voorstuwing van de micromotoren. De snelheid van de motoren hangt af van
de concentratie waterstofperoxide. De motoren bereiken een optimum in snelheid bij 4%
waterstofperoxide, waarna de snelheid drastisch daalt. Ook na verloop van tijd daalt de
snelheid van de motoren. Dit komt doordat het enzym gedeactiveerd wordt door de hoge
concentraties aan waterstofperoxide.
In Hoofdstuk 5 onderzoeken we wat de invloed van asymmetrie en oppervlakteruwheid is op
de snelheid en beweging van de motoren. Door micromotoren te maken met polysachariden
van verschillende lengtes, kunnen we de oppervlakteruwheid beïnvloeden en door de
stroomsnelheid van de polysacharide fase in de microfluïdische chip te veranderen,
beïnvloeden we de asymmetrie. Oppervlakteruwheid zorgt ervoor dat bubbels makkelijker
gevormd kunnen worden, met als resultaat snellere motoren.
Naast asymmetrie in de vorm van de motor, kan asymmetrie ook in de katalysator distributie
geïnitieerd worden. In Hoofdstuk 6 demonstreren we een eenvoudige, algemene methode
om een katalysator niet-covalent te lokaliseren. Door het enzym in de polysacharide fase op
te lossen, in plaats van in de polymerizeerbare fase, wordt het gelokaliseerd in de opening
van de micromotor. Doordat het enzym gelokaliseerd is, en daardoor ook de voortstuwende
kracht, is er minder enzym nodig om dezelfde snelheden te bereiken.
Tenslotte bespreken we in Hoofdstuk 7 toekomstige projecten om de invloed van
verschillende aspecten van de motor op bubbel-gedreven beweging te onderzoeken.
Hieronder vallen de invloed van asymmetrie in vorm en katalysator distributie, verschillende
materialen waaronder verschillende enzymen en stimuli responsieve polymeren, en de
grootte van de microdeeltjes op de beweging en snelheid van de micromotoren.
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