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Precise control over the motion of magnetically responsive particles in fluidic chambers is important for
probing and manipulating tasks in prospective microrobotic and bio-analytical platforms. We have
previously exploited such colloids as shuttles for the microscale manipulation of objects. Here, we study
the rolling motion of magnetically driven Janus colloids on solid substrates under the influence of an
orthogonal external electric field. Electrically induced attractive interactions were used to tune the load
on the Janus colloid and thereby the friction with the underlying substrate, leading to control over the
forward velocity of the particle. Our experimental data suggest that the frictional coupling required to
achieve translation, transitions from a hydrodynamic regime to one of mixed contact coupling with
increasing load force. Based on this insight, we show that our colloidal microrobots can probe the local
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DOI: 10.1039/d0sm01449d friction coefficient of various solid surfaces, which makes them potentially useful as tribological

microsensors. Lastly, we precisely manipulate porous cargos using our colloidal rollers, a feat that holds

Open Access Article. Published on 26 November 2020. Downloaded on 12/5/2025 6:17:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/soft-matter-journal

Introduction

The vast majority of motile creatures move themselves by
mechanisms such as walking, swimming, slithering, or crawling.
Some animals are also observed to roll, although this is a far less
common displacement mechanism. Examples of this can be
found in medium-size mammals (e.g., hedgehog and pangolin),
small amphibia (pebble toad), and arachnids (cartwheeling
spider)." Rolling motion is used by these organisms to escape
when they feel threatened." All of the above mechanisms of
displacement, including rolling, rely on contact friction with the
surface over which the animal is moving. In contrast to these
macroscale mechanisms, motion at the microscale is influenced
by different forces and phenomena. When fully immersed in a
viscous Newtonian fluid, namely at low Reynolds number,**
microoganisms must overcome the restrictions imposed by the
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promise for bio-analytical applications.

Scallop theorem® on achieving translational motion. This is
why these organisms often possess flagella, which allow for a
time-reversal symmetry break and thus enable net displacement.
Near a surface, crawling is also a common strategy to achieve
forward motion. However, even at these small scales, examples
of rolling are found in cells, such as leukocytes and
keratocytes,”® which migrate by rolling motion over tissues to
combat infections or heal wounds, respectively.

Inspired by nature, researchers have engineered several
small-scale architectures, known as micro- and nanorobots,
that can move in fluids by mimicking the mechanisms of living
microorganisms and cells. These man-made micromotors use
different types of stimuli to achieve motion, such as magnetic
fields, ™ electric fields,'®"> ultrasound,'® or light."* Rolling
motion has been mainly reported for magnetically responsive
micro- and nanostructures that are manipulated on substrates
using rotating magnetic fields. Such magnetically driven small-
scale rollers have been proposed for environmental,*>®
medical'”*® and robotic applications.'® The ability to program
motion at small scales® is a crucial requirement for precise
biomedicine, such as therapeutic cargo delivery, or in vitro and
in vivo chemical gradient formation and manipulation thereof.
Recently, we have demonstrated that magnetodielectric particles
can be used as colloidal shuttles to trap, transport and release
cargos under external magnetic and electric fields.'** Trapping
and releasing of cargo was achieved by switching on and off a
high-frequency electric field that induced dielectrophoretic
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attractive forces between the shuttle and the cargo through
field-induced polarization. In these systems, both magnetic-
field gradients®>® and an electrically induced self-propelling
mechanism'® were explored to spatially control shuttles in the
form of uniform or Janus colloidal particles, respectively. The
speed of Janus shuttles was shown to scale quadratically with
the applied electric field strength."

Being immersed in a fluid, yet close to a substrate, raises the
question: how do these particles achieve motion? The macroscopic
picture suggests a contact-based interaction, for which load-force
arguments can be made to describe the motion. Unfortunately, the
situation for microscopic particles immersed in a fluid is more
complex. Even if there is a substantial fluid gap, hydrodynamic
lubrication theory states that a smooth sphere moving parallel to a
smooth no-slip wall, will start to spin,> and conversely, a spinning
sphere will also achieve net forward motion. In the limit of
vanishing separation, a sphere of radius R will move forward with
velocity V= wR/4 if forced to spin with angular velocity w. In view of
electrostatic effects in the fluid, which can cause colloids to ‘hover’
with a small, yet finite separation above the surface—comparable
to the Debye length®>>**—it is often assumed that rolling colloidal
spheres move by a hydrodynamic coupling to the wall.

However, load-force arguments have been recently combined
with shear in the fluid-gap arguments to describe the motion of
fluid-immersed, self-assembled wheels rolling over a wall.”” This
kind of argument is more in line with a mixed or even contact-
friction argument, than it is with the above hydrodynamic
description. Yet, it should also be noted, that ‘load forces’ can
play a role even in the fully hydrodynamic description, when
interpreted as the balance between gravity, electrostatics, and
other surface forces present in the system. These collectively
control the fluid gap size, which is the key parameter in setting
the amount of hydrodynamic translation-rotation coupling.
Presently, there is an increased interest in contact friction
phenomena on the colloidal length scale.*®*° Our Janus shuttles
fall into the size regime where contact friction arguments are
debated and it is therefore important to know whether the load
description®” applies to our particles and what this description’s
limitations are.

Here, we investigate in detail the motion of magnetically
propelled Janus shuttles to test the accuracy of the hydrodynamic
and load-based predictions. We used an external electric field to
induce reversible dipolar interactions between the microroller
and the substrate, by which we are able to increase the load on
our particles and modulate the coupling between translation and
rotation. This expressed itself in a greater or smaller, even
vanishing, forward velocity, depending on whether we pushed
the microrollers toward the substrate or away from it, respec-
tively. The role of hydrodymamic and contact-friction forces on
the motion of the microrollers is examined to identify possible
mechanisms to control the speed of our Janus shuttles. We
explore the behavior of our microrollers further by varying the
surface chemistry of the underlying substrate. These findings
provide insights on the potential use of Janus particles as
microrobots to probe the friction properties of surfaces. Lastly,
we report on additional pick-and-place experiments that feature
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our Janus shuttle’s ability to control the distribution of diffusive
colloidal particles using orthogonal electric and magnetic fields.

The experimental system

Janus particles were used as microrollers, also referred to as
Janus shuttles, while uniform polystyrene particles played the
role of model cargo in our study. The Janus particles were
fabricated by metal coating one hemisphere of silica particles
with diameter (2R, with R the radius) in the range 3.3-7.8 um.
This partial coating consisted of an initial 200 nm thick nickel
layer covered with a second 200 nm thick magnesium layer on
top. The resulting Janus colloids were suspended together with
cargo particles in double deionized (DI) water at a volume
fraction of 1-3% to perform pick-and-place experiments. The
gravitational length of the Janus colloids was estimated to be
on the order of a nanometer (ESI, Table S1). Therefore, our
particles are expected to sediment to the bottom of the sample
within the timeframe of the reported experiments.

The ferromagnetic nature of nickel provides the magnetic
torque necessary for the motion and guidance of the micro-
rollers. That is, applying a rotating magnetic field proved
sufficient to roll the Janus particles contactless (ESL Fig. S1a).
This type of rolling mechanism is well established and has been
previously used to propel a variety of colloidal systems ranging
from spherical®" to anisotropic particles,**> and even living
bacteria.*® Importantly, the direction of the moving colloidal
particle can be controlled by changing the orientation of the
rotating magnetic field, which allows us to program the path
that the particle undertakes on top of the substrate (ESL¥
Fig. Slc). We note that the magnesium layer in our Janus
colloid is crucial, because it is oxidized on the surface in
contact with the water phase. The electrical charges formed
on this oxidized layer in water leads to electrostatic repulsion
between the particle and the substrate, thus preventing sticking
and enabling effective rolling of the Janus colloid (see ESL, for
additional details).

Cargo trapping and transport is possible due to the electri-
cally induced formation of dipoles of opposite orientations in
the dielectric cargo and in the metallic layer of the Janus colloid.
Thus, the combination of magnetic guiding and dipolar trap-
ping, can be used to transport and release other cargo colloids
from one place to another®® (ESI,t Fig. S1 and Movie S1).

The role of friction on the motion of
the Janus microrollers

We investigate the role of friction on the translational motion of
the microroller by first performing rolling experiments with
Janus particles of different sizes under varying frequencies of
the rotating magnetic field. The ability to magnetically control
the motion of our Janus particles was first demonstrated by
optically tracking the velocity of the microroller under a rotating
magnetic field of increasing frequency. The rolling experiment
shows that the velocity of the microroller increased linearly with

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Rolling velocity of a Janus microroller propelled by an external rotating magnet. (a) Schematics of the forces acting on the Janus colloid during
rolling. The nomenclature utilized in this diagram is described in the main text. (b) Velocity (V) of a 4.6 um Janus colloid as a function of the frequency of
the rotating magnetic field. (c) Velocity of Janus colloids with a variety of different sizes rolled at a fixed frequency = 5.55 rad s~*. The dashed line
corresponds to the upper limit for the lubrication theory. Except for two of the data points, the velocity values shown in (c) correspond to the average

from 5 measurements.

the frequency of the rotating magnetic field up to the critical
value known as the step-out frequency. We report this step-out
frequency in terms of the equivalent critical angular velocity w.
(Fig. 1b).>> When the angular velocity of the magnetic field wy, is
greater than ., the microroller’s speed was observed to rapidly
decrease, in agreement with previous work on similar colloidal
systems.”” This results from the fact that the viscous force
exerted by the surrounding fluid is such that the rolling sphere
is no longer able to follow the external magnetic field.** The step-
out frequency depends on the microroller’s size and magnetiza-
tion, the viscosity of the fluid and the strength of the applied
field. In the absence of an external electric field, o, was found to
be equal to 58 rad s~* for a 4.6 um Janus particle in water.

The critical angular velocity can also be estimated using the
following expression: . = moB/(8mnR’), where m, is the magnetic
dipole moment of the roller, B is the applied magnetic field, and
1 is the viscosity of the liquid medium.***° Note that this expres-
sion assumes bulk fluid friction acting on the rotating sphere.
Based on previous works,”*™° we estimate the roller's magnetic
dipole moment m, to be equal to 5 x 10" A m~2. Using this
estimated value in the above expression, we find .= 1270 rad s,
which is significantly higher than the experimentally measured
value of 58 rad s~ . Hydrodynamic forces due to the presence of
the wall** are expected to only weakly increase the rotational
friction on the sphere even at very thin fluid layers. For the size of
our colloid, such hydrodynamic forces should increase by at
most a factor of 5 for nanometric separations, reducing the
predicted w. by the same factor. This suggests that the metal-
coated particle is not only opposed by hydrodynamic friction
during rolling. Contact friction or a mixed-lubrication response
could lead to additional friction that is not accounted for in the
above expression for o..

The effect of particle size on the motion of the Janus
microroller was subsequently assessed by performing experi-
ments under a rotating magnetic field operated well below the
step-out angular velocity w.. Experiments conducted at a con-
stant angular velocity of 5.55 rad s~ " showed that the transla-
tional velocity of the microroller increased significantly with
the diameter of the Janus particle (Fig. 1c).

This journal is © The Royal Society of Chemistry 2021

To interpret our experimental results, we will now examine
in more details the relevant models that have been used to describe
the rolling response of colloidal particles. Pure hydrodynamic
rolling is described by the lubrication-limit result:

N (log (%) + 1.8945) o
4 (log (%) - 1.79775)

where 4 is the gap height (substrate-sphere separation), which
should be smaller than 0.1R for eqn (1) to become accurate (see
ESI,T for the derivation of this equation). Note that this result is
independent of the viscosity, as pure Stokes flow solutions only
depend on the geometry of the problem. It is readily seen from
eqn (1) that the limit for infinitesimal separation is given by
V= wR/4. This limit is indicated by the dashed line in Fig. 1c. The
good agreement between this theoretical estimation and the
experimental data suggests that the rolling behavior of the Janus
colloid in the absence of an electric field is well captured by the
hydrodynamic lubrication theory.** This is a strong indicator
that without the application of an electric field hydrodynamic
lubrication theory describes the motion of our microrollers.
Lastly, we note that at the basis of eqn (1) there is the assumption
that the substrate acts as a no-slip surface for hydrodynamic
flow. While this is a reasonable assumption for our substrate,*"
any chemical changes that would affect the wetting (equivalently
slip-length) of the substrate should express themselves as
increased slippage and thus lower rolling velocities. We will return
to this point when we analyse surface-modified substrates.

We will now also discuss the model used for describing the
motion of microscopic self-assembled wheels.>” This model
assumes that in-plane translational motion is caused by a mixed-
lubrication or contact-friction force (Fy) between the rolling object
and the surface of the underlying substrate (Fig. 1a). The argument
is that for colloidal particles immersed in a liquid and close to a
substrate, the (contact) friction-induced translational force is
counteracted by the drag force (Fy) exerted by the surrounding
liquid phase in the opposite direction. These two forces should
cancel each other such that: F; — F4 = 0. Here, the friction force is
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given by Fr = u L, where py is the friction coefficient and L is the
load applied by the particle on the solid surface along the
normal direction (Fig. 1a). The hydrodynamic drag force can
be approximated by Stokes’ law, which for spherical particles
reads Fq = 6myRV with V being the speed of the particle. It is
implicitly assumed that the effect of the near-wall hydrody-
namic and possible contact aspects are small. The former is
reasonably justified on the basis of the lubrication results
reported in Goldman,** while the latter is an uncontrolled
approximation.

The friction force relates to the imposed angular velocity via
the velocity of the particle’s surface, as follows (see ESI,):

= KoR, @)

where K is a proportionality factor and w is the angular frequency
of the colloid, which is assumed to be that of the magnetic field
well below the step-out frequency. We expect the factor K to be
influenced by the roughness and chemistry of the two surfaces
involved and by the rheological properties of the intervening
fluid. According to previous studies,””*> the above relation is
valid when the particle’s surface velocity (V,, = wR) is comparable
to the speed of the particle. In other words, the wheel does not
slip. If the wheel slips, the term wR in the equation above should
be replaced with the fluid velocity at the edge of the particle, V¥,
which is given by: V* = wR — V. We will henceforth assume we are
operating in the low-speed regime, where eqn (1) is applicable.

Implementing these relations into the equation for the
contact-frictional force and balancing this with the drag force
imposed by the fluid, allows us to relate V and L:

KL

V =w—-. 3
e (3)

Since the viscosity of the medium is constant in our experi-
ments, the above analysis indicates that the product KL should
be proportional to the particle radius in order for eqn (3) to
describe the observed dependence of the translational velocity
on the size of the Janus colloid (Fig. 1c). Clearly, expression (3)
is very different from eqn (1) in terms of its functional form.
Yet, under certain assumptions, both formalisms are able to
capture the trend in Fig. lc. To emphasize that they are,
however, describing fundamentally incommensurate regimes
of friction, we note that K is typically viscosity dependent,
whilst eqn (1) does not have such a dependence. eqn (1) also
matches our data without the need for a fit parameter, provided
the microrollers are deep within the lubrication regime; the
height / can, however, be used a fit parameter to improve the
fit. Our analysis indicates that both models can be used to
describe the observed experimental results, but that the velocity
of the shuttle in the absence of an electric field is likely
governed by hydrodynamic friction.

Tuning friction using an electric field

The application of an electric field to our system allows us to
impose an additional tunable electrostatic load on the Janus
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colloid. In the next experimental series, we use an electric field
to deliberately adjust the applied load. That is, the size-
dependent gravitational load can be offset by applying an
external electric field to the colloid, leading to attraction or
repulsion, because of the strong polarizability of the metallic
hemisphere. The Janus particle polarizes in the same direction
as the imposed external electric field. The type of interaction of
the Janus particle with the substrate will therefore depend
on the direction of the electric dipole generated at the surface
of the electrode. If the conductive ITO layer is in close contact
with the Janus colloid (normal configuration), the induced
electric dipoles will display a head-to-tail arrangement that
results in attractive interactions between the particle and the
substrate.** By contrast, changing the ITO-coated glass slide to
a flipped configuration puts the 150 pm thick dielectric glass in
closer proximity to the microroller. Since the electric dipole
induced in the glass exhibits opposite direction with respect to
the applied electric field, the dipoles induced in the particles
and in the substrate acquire a head-to-head configuration that
gives rise to repulsive interactions.

Thus, depending on the electrode configuration, we expect
that the external electric field can be used to speed up or slow
down the motion of the Janus particle, either by modifying the
gap height or by further increasing the load on the colloid
beyond that exerted by gravitational forces alone. These two
possible scenarios can be demonstrated by simply flipping one
of the ITO-coated glass slides used in our experimental setup
(Fig. 2a and d). Our results show that the alternating electric
field applied in our system serves not only as a switch for the
trapping and release of cargo particles (ESL, T Fig. S1d-g), but is
also a convenient input to control the speed of the colloidal
microroller.

We quantify the effect of electrically-induced attractive and
repulsive interactions on the motion of the Janus particles by
measuring the speed of the microroller as a function of the
applied electric field in the two electrode configurations
(Fig. 2b and e). Our results show that the attractive interactions
created in the normal electrode configuration increase the
microroller’s speed by a factor of 5 when an electric field of
0.090 V um ™" is applied. Using the flipped configuration, we
found that the induced repulsive interactions reduce abruptly
the translational velocity of Janus particle to nearly zero when
the applied electric field surpasses a threshold value around
0.015 V um ™~ '. We estimate this threshold field to correspond to
an electric repulsive force on the order of 10 pN (see ESIt). This
force is comparable to the forces exerted by gravitational forces
on our particles or even van der Waals forces at short separa-
tions. Regardless of the configuration used, the application of
an electric field was found to align the Janus particle in the field
direction and to reduce the wiggling of the colloid in the
direction orthogonal to the motion, thus enabling straight
and well-defined motion (see ESI,i Movies S2 and S3).

To shed light on the physics underlying these effects, we
computed V/wR values from the experimentally measured velo-
city data (Fig. 2b and e). The fact that the normalized velocity of
the colloid in the non-inverted configuration (Fig. 2b) can reach

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Control of Janus microroller velocity via electrically-tuned friction forces. (a and d) Schematics of the electrode configurations used to induce
(a) attractive and (d) repulsive dipolar forces between the colloidal microroller and the underlying substrate. Attractive interactions are generated when
the colloidal particle is in direct contact with the conductive side of the electrode (ITO), whereas repulsive interactions develop if the electrode is flipped
to place the thick glass substrate in close proximity to the particle. (b and e) Rolling velocity of a Janus colloid as a function of the electric field strength, E,
for (b) attractive and (e) repulsive interactions with the substrate. The secondary y-axis shows the speed normalized by wR, where R is the radius of the
particle and w is the angular frequency of the magnet rotation in radians. (c) Correlation between the normalized speed of the Janus colloid and the
square of the electric field strength. (f) Estimation of the distance, h, between the colloid and the substrate as a function of the electric field strength,
assuming lubrication regime conditions outlined by Goldman et al.?* All experiments were conducted using a Janus particle with a radius of 3.9 um on
bare ITO substrates and applying a rotating magnetic field with a constant angular frequency at 8.2 rad s~*. The lines here are guides to the eye, except for

the linear fit shown in (c).

levels far above the upper theoretical limit predicted by the
hydrodynamic model (V/wR = 1/4) is a clear sign that our
microroller’s motion is not governed by hydrodynamic lubrica-
tion (eqn (1)), when strong attractive dielectric forces are
applied. However, the situation without additional attractions
still appears to fall within the regime of applicability of the
hydrodynamic theory (Fig. 2e). Contrasting the two scenarios
and the previously discussed effect of gravitational forces
(Fig. 1c), it appears that our Janus shuttles live on the edge of
hydrodynamic theory’s range of applicability.

Further analysis of our experimental data using the relevant
physical models allows us to quantitatively explain the motion
of the Janus colloid under the applied electric field. By increasing
the repulsive interactions, we expect the separation between the
substrate and the roller to become sufficiently large to elim-
inate most of the hydrodynamic coupling. This behavior is
borne out by our data on the velocity of the particle in the
flipped configuration (Fig. 2e). Assuming that the particle and
substrate are indeed not in contact, we can invert eqn (1) to predict
the distance / of the microroller to the wall at different electric
fields applied (see the ESIf and Fig. S2). This analysis reveals that
the distance 4 increases sharply from nearly zero to around
400 nm when the applied electric field exceeds 0.015 V pum™*
(Fig. 2f). Such a qualitative prediction was experimentally con-
firmed by the observation that the Janus colloid moved away from
the focal plane of the microscopy, when the electric field is
increased above this threshold value. This rapid increase suggests

This journal is © The Royal Society of Chemistry 2021

that a shortranged attraction between the substrate and micro-
roller is broken, which could be a van der Waals attraction, as
hydrophobic interactions are limited in this system.

In the configuration where the field induces attraction and
V > wR/4, we can instead rationalize the motion in terms of a
transition toward a contact-friction regime, for which the
increased load on the particle governs the rolling behavior
(eqn (3)). The transition between a hydrodynamic and a mixed
wet contact friction regime appears to be smooth, although we
should note that flipping the substrate induces a discontinuity
in our data set (Fig. 2b and e). Assuming the contact-frictional
model to be more appropriate to describe the motion of the
colloid in the normal configuration, we assume the load L
(eqn (3)) to be the attractive force generated by the electric field
F. = (30°E%)/(8emr™),** where o is the polarizability of the colloid,
&m is the relative permittivity of the liquid medium, and r is the
distance between the dipole (colloid) and the electrode.’*>*
Straightforward algebra shows that this results in:

V(v Ko2E?
Ve (7) po 16mpe, R @
We tested the applicability of the above expression to our
data by plotting V/V* against the square of the applied electric
field, E, for a 7.8 pm particle subjected to a constant magnetic
rotational frequency (Fig. 2¢). The resulting plot reveals a linear
relationship between V/V* and E?, indicating that our simple
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analytical model captures the underlying physics that governs
the Janus particle’s motion under the range of electric fields
applied in the attraction experiment. According to the model,
the slope of the linear fit depends on physical properties of the
particles (R, «) and the fluid (7, ¢4,), as well as on the proportion-
ality factor, K, used to correlate the friction coefficient with the
fluid velocity (eqn (1)). We will next exploit this dependence to
study the interaction between the roller and the surface.

Microroller motion on substrates with
tailored surface chemistry

The surface chemistry of the substrate is expected to affect the
motion of the microroller by changing the frictional properties
between the colloid and the substrate, provided we are in the
mixed contact-friction regime. The van der Waals attraction and
thereby the load and colloid-substrate separation might poten-
tially also be influenced by chemical modifications on the solid
surface. To investigate the effect of the substrate surface chemistry
on the velocity of the Janus microroller, we performed experiments
on bare ITO electrodes and on electrodes coated either with a
nanometric silica layer or with perfluorinated molecules. A 15 nm
silica layer was created on top of the substrate by electron beam
deposition,'” whereas perfluorinated substrates were prepared by
adsorbing perfluorodecylchlorosilane (PFDCS) molecules on the
electrode surface via the vapor phase.

The speed of our microroller was found to clearly increase
linearly with the square of the electric field for two of the
investigated substrates (Fig. 3a), indicating that we are in the
correct response regime to apply the load-based analytical
model. Because the experiments were carried out using the
same microroller, the dependence of the speed on the electric
field reflects the changes in the friction properties of the
substrate. Strong friction is manifested as steep linear trends
in the V versus E plots (high K values). Coating of the substrate
with a thin silica layer slightly reduces the friction on the ITO
substrate. This is possibly due to a higher density of electric
charges resulting from the deprotonation of hydroxyl groups on
the silica surface,** which affects the total load that is experienced.
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The shallow slope observed for the perfluorinated surfaces is in
line with the low friction expected for this substrate. However, only
a minor effect of the field was observed for the perfluorinated
surface, which could also be indicative of the microroller not yet
moving in the mixed contact regime in this particular case.

The empirical correlation observed between the microroller
velocity and the applied electric field allows us to quantify the
factor K (eqn (4)) and estimate an apparent coefficient of friction,
Ui, (eqn (1)) between the Janus particle and each of the investi-
gated substrates, assuming our particles are in the mixed
contact-friction regime. The K factor was found to decrease from
14 s m ™" for the bare electrodes to 7 s m~ " and 0.3 s m ™" for the
silica-coated and perfluorinated substrates, respectively. From
these K values and the experimentally measured particles velo-
cities, we estimate the apparent coefficient of friction of the
Janus particle on the bare, silica-coated and fluorinated sub-
strates to vary within the ranges 2 x 107*to3 x 107*,1 x 10 *to
2 x 10"*and 3 x 107° to 4 x 10~ °, respectively. However, the
absolute values of the coefficient of friction estimated here
should be taken with caution, since they still need to be
corrected by calibrating our data against measurements on
the same system using established protocols under compar-
able conditions. Importantly, we expect this correction to shift
the absolute coefficient values without significantly affecting
the scaling relations proposed. If this is confirmed, colloidal
microrollers may offer a useful tool to remotely probe the
friction properties and interaction forces between particles
and surfaces.

To strengthen our physical interpretation and shed further
light on the effect of the surface chemistry of the substrate on
the friction of the microroller, we conducted independent
lateral force measurements on the distinct particle-substrate
pairs using a colloidal probe atomic force microscopy (CP-
AFM). A magnesium-coated 4.6 pum silica particle was utilized
in these measurements to represent the rolling Janus colloid,
while the substrates were the same as those previously
employed for the microroller velocity measurements. In the AFM
experiment, the coated silica particle was fixed at the tip of a
microcantilever and scanned over the substrate surface while
subjected to a normal force of controlled magnitude. By measuring
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Fig. 3

Applied Load [nN]

Substrate Type

Influence of the substrate surface chemistry on the friction properties and the velocity of the Janus particle. (a) Rolling velocity of a 4.6 um

magnetically propelled Janus colloid as a function of the square of the applied electric field for substrates with different surface coatings (w = 5.55 rad s7%).
The friction force estimated from the microroller velocity is also displayed in the plot. (b) Friction forces between a metal-coated AFM colloidal probe and
substrates with different surface chemistries. Such lateral force microscopy data are measured as a function of the applied normal load to estimate the
tribological properties of the distinct colloid-substrate pairs. (c) Apparent coefficient of friction estimated from the AFM measurements.
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the lateral force exerted on the particle (Fy) as a function of the
applied normal force (L), the friction properties of different parti-
cle-substrate pairs were quantified (Fig. 3b).

Low lateral velocities and high normal forces on the particle
were deliberately applied to probe the friction behavior of the
particle-substrate pairs in the boundary regime. Under these
measuring conditions, we expect to amplify differences in the
friction coefficient of the investigated substrates. The close
contact between the particle and the underlying substrate was
confirmed by the observation that the AFM colloidal probe
strongly adheres to the silica-coated and bare ITO substrates
(see ESLt Fig. S3). Our experiments confirm that the normal
and friction forces probed in the AFM and microrolling experi-
ments differ by several orders of magnitude (Fig. 3a and c). The
coefficient of friction of the particle under the high normal
forces exerted by the AFM cantilever was found to decrease
from 0.23 for bare ITO to 0.14 and 0.016 for substrates coated
with silica and perfluorinated molecules, respectively. Such
values lie within the typical range expected for these types of
surface chemistries under the boundary regime.*>*® Impor-
tantly, the results of the lateral force analysis revealed that
the friction of the particles on substrates with different surface
chemistries follows the same trend observed in the microrolling
experiments. This qualitative agreement suggests that substrate
friction is indeed important for the motion of the Janus micro-
roller (Fig. 3a).

Generalized model

Our systematic analysis of the motion of magnetically driven Janus
microrollers using different particle sizes and substrates under a
broad range of electric fields allows us to derive quantitative
scaling relations to predict and deliberately control the behavior
of such particles in microscale environments. To test the predic-
tive nature of such scaling relations, we combine in a single
master plot all the experimental data obtained in our study
(Fig. 4a). The axes of the master plot are chosen based on the
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physical quantities expressed in our simple analytical model
(eqn (4)). According to the model, the normalized velocity V/V*
is expected to scale linearly with the ratio Ke®E*/R°. Since the
polarizability « varies with the cube of the particle size (R®), we
plotted the normalized velocity as a function of the product KE°R
to assess the validity of the model for experiments performed with
different particle sizes (R), substrates (K) and electric fields (E).

Our analysis shows that a wide range of velocity data (V)
collapse into a single line in the master plot if the relevant
physical parameters are grouped according to the proposed
model (Fig. 4b). The scaling relation was found to be applicable
to all the investigated experimental series, except for the mea-
surements conducted on the perfluorinated substrates. The
velocity of the particle on the perfluoro-coated ITO substrate
deviates slightly from the theoretically predicted trend (ESL, Fig.
S4). This discrepancy could be explained by the particle being in
the fully hydrodynamic regime due to surface slip, or by possible
changes in the dielectric properties of the substrate resulting
from the presence of the coating. Nonetheless, the fact that the
other substrates follow our curve indicates that the previously
proposed simplified description®” can be applied to our Janus
shuttles for a wide range of particle sizes, electric fields, and
substrates. However, systems for which the motion is less (or
not) dependent on load-based frictional forces might not be
governed by this model. Importantly, the proposed master plot
can be used as a guideline for the design of microrollers for
programmed manipulation tasks at the microscopic scale or for
the remote assessment of the friction properties of surfaces
using the Janus particle as a microprobe.

Programmable pick-and-place of
porous cargo particles
The magnetic propulsion of a Janus microroller via electrically

controlled friction offers an enticing mechanism to manipulate
particles and chemical species at the microscale. In one possible
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Fig. 4 Generalized description of the rolling motion of magnetically-propelled Janus particles under an electric field. (a) Rolling velocity as a function of
the applied electric field strength for Janus particles of different sizes on substrates with tailored surface chemistries. (b) Master plot illustrating the linear

scaling of the normalized velocity data with a physically-relevant term KE2R.
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scenario, this manipulation platform might be used to build
chemical gradients in an otherwise diffusion-controlled environ-
ment. This can be potentially realized by locally releasing porous
cargo particles hosting a large concentration of functional mole-
cules in their internal pores.

To explore this concept, we designed a manipulation platform
consisting of a Janus microroller and two types of porous cargo
colloids, namely metal-organic framework (MOF) crystals or
mesoporous silica particles (Fig. 5). MOF crystals and mesoporous
silica particles are known for their high surface area, tunable pore
sizes and the ability to host and controllably release functional
molecules.*””*® The MOF crystals used in our manipulation experi-
ment were synthesized following an established protocol® and
showed a distinct polyhedral morphology with particle size
between 3 and 4 pum (Fig. 5a). For the mesoporous silica, we
selected a commercially available grade that can be loaded with
high concentrations of the hydrophilic fluorescent dye Rhoda-
mine B (Fig. 5b). Such fluorescent dye facilitates visualization of
the mesoporous silica particles by optical microscopy (Fig. 5¢) and

Collect

Deliver .. =
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serves as a model molecular species that can be passively released
from the cargo particle into the aqueous medium.

In our manipulation experiment, a Janus colloidal microrobot
and a large quantity of MOF cargo particles are suspended
in ethanol and placed between transparent ITO electrodes.
A combination of electrically induced pick-up and magnetic
steering was used to transport the cargo-laden microrobot
over large distances without losing the trapped MOF crystals
(Fig. 5c and d). While the electric field is on, the MOF crystals
remain attached to the colloidal shuttle and can be moved using
the magnetic field. By turning the electric field off, the dipolar
interactions are terminated and the porous cargo particles are
released. During cargo transport, the effect of the trapped cargo
particles on the microrobot velocity can be accounted for by
considering the effective size of the cargo-robot combo, as
discussed in our earlier work.'®

Because the timescales for diffusion of particles and
chemical species are much longer than the timespan needed
for cargo transport under the imposed electric field, multiple
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Fig. 5 Programmable pick-and-place of porous cargo particles using a magnetically propelled Janus colloid. Micron-sized (a) MOF crystals and
(b) mesoporous silica particles used as examples of porous cargo particles that can be loaded with functional molecules. In (b), bright field and
(c) fluorescence optical microscopy images show mesoporous silica particles loaded with the red fluorescent dye Rhodamine 6B. (d) Timelapses
demonstrating the pick-up, transport and placing of MOF crystals using a magnetically driven Janus colloid. Switching on and off the electric field allows
for cargo pick-up and placing at pre-defined locations. Superimposed images are displayed in (e) to illustrate the transport path and local delivery of
cargo. (f) Multiple sequential shuttling of dye-laden mesoporous silica cargo to create a chemical gradient between two locations of a microchip.
Colloidal cargo collected from the upper panel (red) is carried and delivered to the lower panel (blue). A single Janus colloid was used as a microrobot in
this experiment. (g) Evolution of the number of cargo colloids in each location of the microchip.
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consecutive shuttling cycles can eventually be applied to build
concentration gradients and thus store potential energy in the
system. We illustrate this possibility by transporting dye-laden
mesoporous silica particles between two distant locations of
our chip in multiple shuttling cycles (Fig. 5e and ESIL,i Movie
S4). The difference in number density of particles between the
two sides of the chip was tracked via image analysis (Fig. 5f).
Such difference was found to increase linearly with the number
of cycles. After only 7 cycles, an excess of ~ 60 particles could be
accumulated on one side of the chip. When the cargo particles
are loaded with dye molecules that are locally released after the
shuttle cycles, it is possible to create chemical potential gradi-
ents within the liquid medium. Taking reasonable assumptions
for the dye load and volume of the chip, we estimate that the
gradient built in our experiment would be able to generate an
osmotic pressure on the order of 100 Pa. This corresponds to a
column of water on the order of millimeters (see ESI, for
calculation).

Conclusions

The rolling motion of magnetically propelled Janus micropar-
ticles on a solid substrate can be controlled via electrically
tunable friction forces. Friction can be enhanced under an
electric field due to an increase of the normal load on the
particle resulting from attractive dipolar forces between the
particle and the underlying substrate. The rolling velocity of
the Janus particle was found to scale with the square of the
applied electric field, which can be interpreted using a simple
analytical model based on a force balance between friction and
drag forces exerted on the particle. The load-based model also
explains the effect of the surface chemistry of the substrate on
the motion of the Janus particle. Rolling experiments on sub-
strates with distinct coatings show that the surface chemistry
of the electrode affects the microrobot velocity by changing
the apparent friction coefficient between the Janus particle and
the substrate. By combining results from experiments with
different particle sizes, substrate coatings and applied electric
fields, we derive a scaling relation that can be used to estimate
the apparent friction coefficient of surfaces using the Janus
particle. This unique feature allows us to use the Janus colloid
as a remotely controlled colloidal probe to interrogate the
tribological properties of a wide variety of surfaces at forces
down to tenths of picoNewtons. Interestingly, the rolling motion
studied here appears to be at the edge of the range of applic-
ability for pure hydrodynamic coupling when no field is applied,
suggesting that it does not take much to take colloidal matter
into the contact-friction regime. The controlled rolling response
of the Janus microrobot can be harvested to manipulate
cargo particles at the microscale, if the electric field is utilized
for reversible cargo trapping and release. In combination with
porous cargo particles loaded with functional molecules, the
Janus microrobots can be exploited to create microscale
chemical gradients or to achieve programmable release with
spatiotemporal control. These unique functionalities might find
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applications in bio-analytical platforms for drug screening, med-
ical diagnosis or fundamental biology studies.

Materials and methods
Janus colloids

Janus particles were fabricated via the deposition of a metal coating
on pre-dried colloidal particles.'” In a typically coating procedure, a
2-3 vol% suspension of 4.64 um or 7.8 um diameter silica particles
(Microparticles GmbH, SiO,-R-KM277, SiO,-R-SC33-2) is spread on
a glass slide and dried to form a sub-monolayer. Next, a 200 nm
thick nickel layer is deposited vertically followed by a 200 nm of
magnesium using an electron beam deposition setup (Plassys II,
Plassys Bestek) at 2 x 10 ® mbar applying a deposition rate of
0.5-0.7 A s™*. The sample is then sonicated in 30 mL DI water for
30 minutes to collect the particles. The suspension is finally
centrifuged to concentrate the resulting Janus particles.

Cargo colloids

Polystyrene colloids with particle size of 1.0 pm were purchased
from Microparticles GmbH (PS-R-KM392-2) and used as model
cargo. Mesoporous silica particles of 2.0 pm and pore size of
4 nm were acquired from Sigma Aldrich (grade 806900). Suspen-
sions were prepared by mixing these cargo particles with Janus
particles in deionized water. A small quantity (~10"* M) of
nonionic surfactant (Tween 20, Sigma-Aldrich) was added to the
suspension to minimize adhesion to the electrode.

Synthesis of MOF particles

Zeolitic Imidazolate Framework (ZIF-8) crystals were synthesized by
modifying the method described by Yanai et al.*® Stock solutions of
zinc nitrate hexahydrate (aber; 98%), 2-methylimidazole (acros
organics), 1-methylimidazole (abcr) and poly(vinyl pyrrolidone)
(Sigma Aldrich, M,, = 360000 g mol ') prepared in an equal
volume methanol:ethanol mixture. These solutions were
mixed at a ratio to allow for the following concentrations;
25 mM zinc nitrate hexahydrate, 100 mM 2-methylimidazole,
150 mM 1-methylimidazole and 3.2 wt% poly(vinyl pyrroli-
done). After vigorous mixing for 10 s, the resulting solution
was incubated at room temperature for 20 h. This resulted in
3 to 4 um particles that were large enough to be observed in an
optical microscope. To modify the surface properties of the
MOF crystals, we used a solution of lauryl gallate. The lauryl
gallate solution was prepared by dissolving 0.525 wt% lauryl
gallate in 25 ml ethanol. 2 ml of this solution was then mixed
with 2 ml of the MOF suspension cleaned from its mother
liquor with repetitive centrifugation cycles in ethanol. The
resulting mixture was vortexed and sonicated for 2 h before
the micromanipulation experiments.

Electrode and sample fabrication

Transparent and conductive indium tin oxide (ITO) cover slips
(SPI supplies, 18 x 18 mm, #1, 8-12 ohms resistance) were used
as electrodes in the micromanipulation cells. Cells were fabri-
cated by sandwiching spacers with thicknesses of 0.09-0.12 mm
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(#0 cover slips) between two ITO cover slips. During the experi-
ments, an AC electric field at a frequency of 1 MHz was applied
to the electrodes while keeping the conductive sides facing each
other. For the preparation of silica-modified electrodes, the
conductive surface of the ITO cover slip was coated with a
15 nm thick layer of silica via e-beam deposition.’> Substrates
coated with perfluorinated molecules were prepared by placing
an ITO electrode in a desiccator that hosts a vial with a droplet of
1H,1H,2H,2H-perfluorodecyltrichlorosilane (PFDCS, 97%, Sigma
Aldrich). While keeping the desiccator under vacuum overnight,
the vapor of PFDCS reacted with the oxide groups on the ITO
surface, thus changing its surface hydrophilicity and friction
properties.

Electric field estimations for different electrodes

For the case of two electrodes facing each other (Fig. 2a), a
simple capacitor with only one type of dielectric between the
plates was used to estimate the field strength using the relation:
E = V/e, where V is the voltage applied and ¢ is the dielectric
constant of water. For the case of flipped electrodes (Fig. 2d),
we assumed two parallel capacitors to be stacked in series. One
of such capacitors has the dielectric constant of the glass
while the other has the dielectric constant of the suspending
medium, namely water. To estimate the electric field in the
suspension, we used the following formula:

V 18
E=l(-%2
g (d182 + d28|>

where E; is the effective electric field strength, ¢; is the dielectric
constant, and d; is the thickness of the ith layer. In our system,
i = 1 was taken as the glass layer, whereas i = 2 refers to the
suspension medium layer.

Microscopic imaging

Our imaging and shuttling experiments were performed using a
Leica fluorescence microscope equipped with an inverted DM6000
stage, a mercury lamp (Leica), and a PL APO 63x/1.40 NA oil
objective.

Magnetic guidance of Janus colloids

The ferromagnetic nature of the 200 nm thick nickel layer
deposited on one hemisphere of the Janus colloid allows for
its magnetic alignment and propulsion when exposed to a
rotating magnet. In the aligned configuration, the plane dividing
the nickel-coated and the uncoated hemispheres is always ortho-
gonal to the substrate surface. This helps control the direction of
the Janus particle motion. For magnetic manipulation we used a
20 x 20 x 5 mm® permanent neodymium magnet (SuperMagnete,
Switzerland) that exhibits a magnetic field of 0.2 T on its surface.
The magnet was kept at the same height as the cell but at a
distance of 4 cm. The rotating magnetic field was generated by
turning the magnet at pre-defined frequencies with the help of an
electric motor.
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Lateral force microscopy (LFM) experiments

An AFM from Asylum Research (MFP 3D, Oxford Instruments)
was used to measure the frictional properties between the
substrate and a 4.6 pm magnesium-coated silica colloid. Bare,
silicon-coated or perfluorinated ITO electrodes were used as
substrates. The magnesium-coated silica colloid was glued to
an end of a tipless cantilever (CSC38, micromasch, Bulgaria) by
using a homebuilt micromanipulator. The normal and tor-
sional spring constants of the cantilever were calibrated prior
to the attachment of the colloid by using thermal noise®® and
Saders®® methods, respectively. The friction measurements
were carried out in air by moving the sample perpendicular to
the cantilever axis. A scanning distance of 2 um and a scanning
rate of 4 pm s ' was used for the friction measurements.
Approximately 5 friction loops were recorded and averaged to
measure the true friction and standard deviation values for each
applied load. Lateral calibration was performed by using an
improved wedge method described by Hutter et al.’> The coeffi-
cient of friction values were obtained by the slope of the friction
vs load curves.
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