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A possible application of self-propelling particles is the
transport of microscopic cargo. Maximizing the collection
and transport efficiency of particulate matter requires
the area swept by the moving particle to be as large as
possible. One such particle geometry are rods propelled
perpendicular to their long axis, that act as "sweepers" for
collecting particles. Here we report on the required Janus
coating to achieve such motion, and on the dynamics of the
collection and transport of microscopic cargo by sideways
propelled Janus rods.

Cargo manipulation at micro- and nano-scales is a challenging,
yet desirable task for targeted drug deliveryX2, microrobotics=4,
operating and separating particles and biological matter at the
microscale®™? as well as removing unwanted species from a so-
lution?1Y, Pick-up, delivery and drop-off of the cargo can be per-
formed by autonomously moving micro- and nano-motors1112,
There were many successfull attemps of exploiting biological mo-
tors, such as bacteria, for that task1371e. However, artificial ac-
tive particles still remain beneficial for a range of applications in
particular due to the tunability of their properties, as well as a
more precise motion control1Z12. Among active particles, Janus
particles play a crucial role in manipulating the matter at the mi-
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croscale. Janus particles have two distinct surfaces different in
chemical or physical properties, allowing them to create a gra-
dient of a physical parameter in their proximity that generates a
fluid flow along the particle, inducing particle motion“%*22, When
Janus particles are mixed with passive tracers, they show different
interactions depending on the type of the active coating and are
able to collect and transport cargo when interactions are attrac-
tive23, To ensure transport of a specific cargo, most of the studied
systems exploit specific interactions between the cargo and the
Janus particle, as for example electrostatic interaction between
polypyrrole segment and charged cargo?%, interactions with bio-
logical molecule moieties2#28 magnetic2Z28 or hydrophobic in-
teractions 102230 Moreover, cargo transport was shown also for
Janus particles with no surface functionalization but possessing a
permanent magnetic moment=L,

While the above approaches are applicable for the pick-up of
specific types of cargo, the manipulation of general non-specific
loads is also of interest, for instance for the ‘sweeping’ of un-
wanted or dangerous species in a solution. However, studies
of assemblies of non-functionalized active and passive particles
are still limited. The transport of non-functionalized cargo was
shown for micro-tubular motors propelled at air-water inteface32
and in microfluidic channel®3. Label-free pick-up of cargo was
also carried out by dielectrophoresis for spherical Janus parti-
clesB438 and by electrokinetic mechanism for Janus nano-rods
propelling along their long axis=%. However, for the efficient pick-
up of cargo it is preferable to produce Janus particles with larger
active surface area, as, for example, rods propelled perpendicular
to their long axis. Such sideways propelled rods were recently
fabricated and their general movement was studied8740, but the
possibility and dynamics of cargo transport by this system has not
been investigated yet, which is the subject of this communication.
The fabrication of Janus rods was adapted from previous publica-
tions®832, A monolayer of aligned 3 um diameter polystyrene
fibers was produced by electrospinning a 25 wt.% solution of
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polystyrene (PS, M,, =280 kg mol !, Sigma Aldrich BVBA) in N,N-
dimethylformamide (DMF, 99.8 %, Acros Organics NV); parame-
ters of electrospinning: voltage - 22 kV, flow rate - 0.2 ml h™!,
needle diameter - 0.61 mm, temperature - 34 °C, relative hu-
midity - 25 RH, distance between the needle and collector -
13.5 cm. The alignment of fibers was achieved by using rectangu-
lar parallel electrodes®?4Ll or a rotating drum collector (speed
1000 — 2000 rpm) coupled with translating unit42 (MTI, MSK-
ESDC-3000). In the first approach, fibers are aligned parallel
when randomly jumping from one parallel electrode plate to the
other, while for the second approach fibers are aligned via the
additional elongation force exerted by the rotating drum on the
fibers43. The obtained fiber monolayer was subsequently sput-
ter coated (Quorum, Q150TS) with 5 nm thick Pt and Au lay-
ers on opposing sides of the layer respectively, resulting in long
Janus fibers. After dispersing the Janus fibers in water, they
were cut into smaller rods of 10 — 100 um length by ultrasonica-
tion using an ultrasonic probe (Hielscher UP400S, power density
450 W ecm—2) for 1.5 min. This produces rods with a broad length
distribution, as well as bent rods.

The sideways self-propulsion of Pt/Au rods in hydrogen perox-
ide (2.8 wt.%, pH = 4.5) containing polystyrene sulfate spheres
(Invitrogen™, diameter d = 3 um, 8 w/v%) as the cargo, is cap-
tured with an inverted optical microscope (Olympus, IX71) at dif-
ferent magnifications (50x, 20x). All self-propulsion experiments
were carried out in a glass cell with a 1.5 mm deep, round well
(diameter d = 13 mm). When the rods are placed in the hydrogen
peroxide solution, they settle and propel near the bottom wall
due to their slightly higher density and size.

Different driving forces for the propulsion of bimetallic Janus
rods were proposed in literature, such as self-induced electric
fields, concentration gradients, or surface tension gradients##42l
Although the exact mechanism of their motion is not under-
stood yet, a strong evidence was obtained for a dominating self-
electrophoretic propulsion mechanism, and it was shown that
such bimetallic rods are moving with their platininum segment
facing forward4®47, The close proximity of the particles to
the wall further influences their motion due to electroosmotic
flow#849 Since a small fraction of rods got intermediately stuck
on the surface, we selected for the analysis rods of length ~ 20 um
that exhibited a stable motion within the experimental observa-
tion time (~ 5 min). The images were analyzed using a self-
written Python coddﬂ to determine the particles trajectories and
velocities as a function of cargo loading.

When dispersed in hydrogen peroxide solution containing
polystyrene spheres with sulfate surface groups, the Janus rods
‘sweep’ the solution near the bottom wall, capturing cargo parti-
cles as shown in Fig. [1] The self-propulsion experiments in Fig.
(additionally, see movie M1 in the supporting information) are
carried out in a dilute dispersion of cargo spheres, to ensure that
the sideways self-propelling rod captures the cargo spheres, that
undergo Brownian motion by themselves, one at a time.

1 The Python code for the tracking of the rods motion: https://github.com/
ReknowIndra/rod-track
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Fig. 1 Sideways propelled Pt/Au rod collecting polystyrene cargo parti-
cles (~ 0.005w/v%) in aqueous hydrogen peroxide (2.8 wt.%), scale bar
is 30 um.

The rod velocity decreases with increasing number of captured
spheres due to an increase in the resistance of the microrod-cargo
aggregate to the flow (Fig. [2)), in agreement with studies on the
12132 A simple
formula for the velocity of a microswimmer-cargo aggregate was
derived by Raz and Leshansky=0:

drag resistance of the rafts of spherical objects

ViKe
Va= 1
d Kr+Kl7 ( )

where Vy is the velocity of the microswimmer dragging the
spheres [m s~!], V; and K; are the velocity [m s~!] and the resis-
tance coefficient [kg sfl] of the swimmer without cargo, respec-
tively, and K| is the resistance coefficient of the cargo [kg sfl].
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Fig. 2 Velocities of a sideways propelled Janus rods of length ~ 20 um
that are pushing n polystyrene spheres in aqueous hydrogen peroxide
(2.8 wt.%) solution (averaged for each loading over 3 different rods). The
dashed red line represents the velocities calculated from eq.with are-
sistance coefficient of the rod X; calculated from eq.[2] and the resistance
coefficient of n polystyrene spheres K; obtained from the beads model.

The resistance coefficient of a cylinder of radius r near a wall is
given by=1:

4r

Ke= log [rfl (d+ |d? — r2|0-5)} ' 2

where d is the distance between the rod and the wall [m], which is
determined by the balance of the gravitational force Fy; and the
electrostatic repulsion of the wall F, ,; per unit length®2/>3\
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where & = 8.85-10!2 [F m~!] is the vacuum permittivity, &€ = 80
is the relative permittivity of water [—], F is the Faraday constant
[C mol!], k! ~ 1076 [m] is the Debye length calculated from eq.
with Co=0.0316 [mol m~2] as the bulk concentration of protons
calculated from pH = —logCy at a pH = 4.5, r = 1.5 -10~%[m] is
the rod radius, §,, is the zeta potential of the glass wall [V], {, is
the zeta potential of the rod [V], g is the gravitational acceleration
[ms~2], and Ap =50 [kg m—3] is the density difference between
water and polystyrene. From balancing the electrostatic repul-
sion and gravitational acceleration, F, ; = —F, , and by assuming

literature values for the zeta-potential of the rod and the wall of

= % ~ —50 mVIZB7Z53 and ¢, ~ —40 mV=>2, respectively,
the separation distance between the rod and the bottom wall (d)

is approximately 550 nm.
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Fig. 3 On the left: resistance coefficient K; as a function of the number
of spheres n attached to the sideways moving rod. On the right: drag
force on a sideways propelled rod with n-attached spheres in aqueous
hydrogen peroxide (2.8 wt.%) solution.

To our knowledge, there is no analytical expression for the re-
sistance coefficient of aggregates of several spheres K; near the
wall required in eq.[1} That resistance coefficient K; can be found
from the grand resistance matrix .7 defined as follows:

Uy F
U | =2#""F]|, (6)
i T

where U, and Uy are the microrod-cargo aggregate velocity in the
direction perpendicular (x-direction) and parallel (y-direction) to
the long axis of the solo-rod [ms~!], ¢ is the aggregate angular
velocity [s~!], 7! is the mobility matrix of the microrod-cargo
aggregate, F and F, are the drag forces in the x and y direction
[N], and T is the torque on the aggregate acting at the centre

of mass [N m]. Therefore, the grand resistance matrix ¢ for n
touching beads is calculated using a beads model following the
procedure detailed in [139], which takes into account the hydro-
dynamic interaction between the spherical particles but neglects
initially any wall effects=%27. The relation between the resistance
coefficient of the aggregate K; and the number of spheres, n, is vi-
sualized in Fig.

The resulting scaling of the velocity with the number of
polystyrene spheres from eq. [I]is shown in Fig. 2] As the velocity
of only the rod V, is obtained within an error of 20%, it was ad-
justed by fitting the experimental data with eq. 1} The obtained
scaling is in good agreement with the experimental values, albeit
not a proof of the functional form, even though the wall effects
for the aggregate of spheres is not accounted for in this model.

Aggregates of Janus sideways propelled rods and cargo parti-
cles are in general stable over the experimental time range, only
for few cases it was observed that single sphere detached after
a short time (~ 5 s), which we attribute to the slight differences
in the sphere-wall distance for different spheres caused by their
variation of density and consequently a misalignment of the rod
and the sphere in z-direction.
According to Wang et al.®Z, the cargo spheres are not only hy-
drodynamically dragged by the rod, but an additional attachment
of the spheres to the rod is caused by the self-induced electric
field arising from a self-electrophoretic mechanism. According
to this, the negatively charged particles move up to the electric
field, towards the platinum side of the Janus particle, which acts
as an anode. Note that, unlike for rods propelled along their long
axisl2, polystyrene spheres could attach also to the top side of
the sideways propelled rods, although this configuration is highly
unstable in the presence of the hydrodynamic drag.

Finally, the drag force on the aggregate was calculated using
the approach developed by Hagen et al. 58760, The self-propelling
force, which equals the drag force, obeys the relation for an iden-
tical passive particle under an external force and torque (eq. [6).
The grand resistance matrix .7 was determined using again the
beads model, now for the full aggregate. The drag force on the
aggregate is then found by iteratively fitting eq. [f] to experimen-
tally observed velocity of the microrod-cargo aggregate. Fig.
shows that the drag force on the microswimmer-cargo aggregate
remains independent of the number of spheres, indicating that
the attachment of spheres does not affect the propulsion force of
the rod, and that the decrease in velocity in Fig.[2]is related solely
to the increase of the hydrodynamic drag of the microswimmer-
cargo aggregate.

The observed maximum loading indicates that the spheres
themselves do not stick, but, as expected, due to their slight re-
pulsive potential stack in the hydrodynamically most favored con-
figuration on the first row of particles (that interacts with the rod
as discussed above): a triangular closed packed state as observed

in Fig.
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Fig. 4 Sideways propelled Pt/Au rod collecting polystyrene cargo parti-
cles (~ 0.02w/v%) in aqueous hydrogen peroxide (2.8 wt.%), scale bar is
30 pum.

In conclusion, we studied the collection and transport of micro-
scale cargo by sideways propelled Janus rods, which are of inte-
rest due to their larger surface area for collecting cargo. There-
fore, these rods can be used for “sweeping” the solution near the
wall from unwanted or dangerous particles. The propulsion force
on the rod remains unaffected by attached particles, but the ve-
locity of microswimmer-cargo aggregate depends on the number
of spheres it transports. Since the drag force remains constant,
this velocity decrease is related to the increase in resistance coef-
ficients of microswimmer-cargo aggregate through the addition of
extra spheres. We connected the velocity decrease to the number
of attached spheres via a simple model that takes the resistance
coefficients of the several sphere aggregates into account via a
beads model.
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