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Neutrophil-inspired propulsion in a combined
acoustic and magnetic field

Daniel Ahmed', Thierry Baasch?, Nicolas Blondel', Nino L&ubli!, Jiirg Dual? & Bradley J. Nelson'

Systems capable of precise motion in the vasculature can offer exciting possibilities for
applications in targeted therapeutics and non-invasive surgery. So far, the majority of the
work analysed propulsion in a two-dimensional setting with limited controllability near
boundaries. Here we show bio-inspired rolling motion by introducing superparamagnetic
particles in magnetic and acoustic fields, inspired by a neutrophil rolling on a wall. The
particles self-assemble due to dipole-dipole interaction in the presence of a rotating magnetic
field. The aggregate migrates towards the wall of the channel due to the radiation force of an
acoustic field. By combining both fields, we achieved a rolling-type motion along
the boundaries. The use of both acoustic and magnetic fields has matured in clinical settings.
The combination of both fields is capable of overcoming the limitations encountered by single
actuation techniques. We believe our method will have far-reaching implications in targeted

therapeutics.
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he design parameters of motion at the microscale

are dlstmctly different from their inertia-dominated

counterparts Nature’s microswimmers, such as
bacteria?, spermatozoa® # and volvox®, have evolved to overcome
swimming limitations in viscous liquids at low Reynolds
numbers. These swimmers adhere to Purcell’s scallop theorem,
which states that a swimmer undergoing reciprocal motion will
achieve no net movement" ©. To date, most synthetic swimmers
adopt Purcell’s scallop formulation as a design paradigm for
propulsion. Existing microswimmers and nanoswimmers are
actuated using dlfferent mechanisms such as by chemical fuel’ !4
or electric fields!> 16, light-induced!’-!® and magnetically
powered’’?? and they seem promising in a biological or
biomedical context?>. A major objective that we have for artificial
microswimmers and nanoswimmers is that they act as drug
carriers in the human body, which requires that they have the
ability to be propelled in confined boundaries, such as the
vasculature. However, limited work exists regarding propulsion
within microchannels or in a confined geometry. Both
acoustically**=3! and magnetically powered microswimmers can
potentially be used in the human body. However, the motion of
acoustic-based swimmers may be adversely affected when they
are confined in channels due to swimmer-wall interactions, i.e.
secondary acoustic forces may lead to trapping the swimmers at
the walls.

Recently, Tasci et al.?? demonstrated magnetic particles that
had a rolling-type motion. The described motion was limited to
horizontal surfaces because their propulsion mechanism relied on
a contact force that inherently depended on the gravitational
weight of the particles. Magnetically induced rolling motion of
micro-objects in three-dimensional (3D) geometries is challen-
ging because navigation requires the rotational axis of the mag-
netic field be at a precise angle with respect to the contact
boundary. Continuous use of the reaction force will require
constant monitoring and precise tracking of the swimmer and
corresponding adjustments of the field. In addition, particles that
are immersed in liquid experience buoyancy, which acts in
opposite directions to the weight, thus minimise the effect of
gravity.

We have developed a propulsive mechanism based on
combined acoustic and magnetic actuation. To demonstrate
rolling motion, micro-sized superparamagnetic particles are
injected into the channel, after which a rotating magnetic field is
applied. The particles assemble into aggregates due to magnetic
interactions. As soon as the acoustic field is activated, the
collected particles migrate to the boundary, and a subsequent
rolling motion is achieved along the vessel wall. An important
feature of our system is the possibility to controlling the normal
force, critical for rolling, can be regulated by an acoustic field. We
have demonstrated rolling motion along the walls of rectangular
and circular microchannels.

Results

Particle motion in an acoustic field. High-frequency acoustic
fields at moderate levels of pressure are safe, non-invasive and
inexpensive, and they are used extensively in clinical diagnostics
and therapeutics. Ultrasound also has been utilised in numerous
biotechnological and biomedical applications, such as
microfluidic-based micromixers®>=>* and chemical gradient
generation®> 36, partlcle/cell manipulation®” 4%, s 4E;araﬂon of
circulatin tumour cells*®, the formation of spheroids®’, levitation
of objects*! and high- resolut1on imaging*®. Contrast agents, such
as microbubbles, have been used to enhance the visibility of
vessels in ultrasound-based imaging®® *°. Recently, microbubbles
in conjunction with ultrasound have been used in the treatment
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Fig. 1 Neutrophil-inspired propulsion based on acoustic and magnetic field
actuation. a Neutrophil rolls on vasculature before transmigrating into
tissue. b Superparamagnetic particles aggregate due to dipole-dipole
interaction in the presence of a magnetic field (i). The aggregate migrates
towards the wall due to the radiation force in an acoustic field (ii). A rolling-
type motion along the boundary is achieved by combining both fields. The
assembled entities disassociate when the magnetic field is turned off

of brain disease®® and gastrointestinal pathology®!. Extensive
literature exists regardmg the behaviour of microbubbles near
boundaries® >4 and in vasculatures® in an acoustic field, but
little work has been done on the interactions of solid particles
near boundaries.

Inspired by neutrophils rolling on endovascular walls before
transmigrating to a disease site, we have developed a propulsive
mechanism based on combined acoustic and magnetic actuation
(Fig. la). Rolling motion is demonstrated by introducing
superparamagnetic microparticles into the channel, after which
a rotating magnetic field is applied. The particles form aggregates
due to dipole-dipole interactions (Fig. 1b). The assembled
particles migrate to the boundary in an acoustic field when
activated at an appropriate frequency, which resulted in a rolling
motion along the vessel wall, as shown in Fig. 1b. When the
magnetic field is turned off, the assembled entities disassociate.

We investigated the migration of particles towards the sidewall
of a polydimethylsiloxane (PDMS)-based microchannel by
introducing particles of different size and material properties.
The PDMS material serves as a good acoustic material for
developing artificial vasculature model as the acoustic impedance
of PDMS is of a similar order of magnitude to that of biomaterials
that exist in a human body such as the blood, fat, brain and soft
tissue®®. Several acoustic phenomena, such as the acoustic
radiation forces and the streaming-induced drag, contribute to
particle motion, as shown in Fig. 2a. The acoustic radiation force,
which is a time-averaged force that acts on particles in an inviscid
fluid, comprises primary and secondary radiation forces.
The primary radiation force arises due to the interactions of
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Fig. 2 Analysis of particle trapping. a A schematic demonstrates the radiation force (Fr) and the sidewall-induced streaming drag (Fas) that act on different
sized particles. Large particles, which are illustrated in red, migrate to the channel sidewall by the radiation force. Small particles, which are shown in green,
follow sidewall-induced streaming. b For a particle with a diameter a < a, the acoustic streaming force dominates. ¢ For a particle with a diameter a > a,
the acoustic radiation force dominates. d The plot shows the ratio of the acoustic radiation to streaming forces vs. different size polystyrene particle for
various geometry factor, . Above the black line, Fr > Fas, i.e. radiation force dominates and below the line, Fr < Fas, i.e. streaming dominates. e The plot
demonstrates the competing forces of the polystyrene (PS) and the superparamagnetic particles (SP) at ¥ ~0.4

particles within the background pressure field, such as in the
standing and travelling acoustic waves, and secondary radiation
forces arise due to re-scattering of the waves at the neighbouring
particles and the sidewalls of the channel. The primary radiation,
Fy, force acting on a single isolated particle in an acoustic
pressure field can be estimated by the gradient of the Gor’kov
potential. The time-averaged force acting on a particle of radius q,
where a is much smaller than the acoustic wavelength, 4, in a one-
dimensional standing wave of wavenumber k, and pressure field
P = pacos(kyy)cos(wt), can be expressed analytically as®’;

Fr = 4n¢ (%, p)kya’ E,sin (2kyy) (1)
o 1[p-2
067 =5 oot A @)
= Ps - Ks
=—,K=—
p P X (3)

where ¢ is the acoustophoretic contrast factor; p,, ps denote the
density of the liquid and particle, respectively; oy, ks denote the
compressibility of the water and particle, respectively, p, denotes
the pressure amplitude, E, denotes the acoustic energy and y
determines the position of the particle within the field. The
acoustic contrast factor ¢ determines the directionality of the
radiation force. The ¢ for polystyrene and superparamagnetic
particles is positive and is calculated to be 0.22 and 0.43,
respectively, which suggests that the particles will move to the
pressure nodal lines, where pressure nodes may lie outside the
microchannel, effectively driving the particles to its boundaries
(Supplementary Notes 1 and 2).

We observed very little particle-particle interaction due to
secondary acoustic radiation forces in the region away from the
sidewalls, which suggests that the primary radiation force
dominates particle migration. However, as particles approach
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the wall, they change direction and accelerate (Supplementary
Fig. 3), which indicates a particle-wall interaction. Owing to the
impedance mismatch between the water and the PDMS, the
acoustic waves are partially reflected at their interface, which
leads to secondary interactions between the walls of the channel
and the particles®®. The walls of the channel have been observed
to attract the particles at close range. The particle-wall interaction
contributes to the migration of particles to the wall, but this
interaction is considered to be weak because the impedance
mismatch between water and the PDMS is not significant
(Supplementary Fig. 3).

Acoustic streaming is a steady bulk flow of fluid that arises due
to viscous attenuation of the acoustic waves in the bulk of the
fluid and the boundary layers, and it often contributes to
the particle motion in an acoustic setup in microfluidics. The
streaming flow rises from the channel sidewalls to the centre and
is perpendicular to the direction of the long axis of the channel, as
shown in Fig. 2a. The magnitude of the streaming velocity vas

2
scales as y /%, where ¥ is a geometry-dependent factor of the

microchannel and ¢ is the speed of sound in the liquid. Since the
Reynolds number is low (R, < 0.0002), the drag force Fg that is
induced by streaming can be estimated as follows:

p2
FAS = 67[“’7"’ 2a3 (4)
00

where 7 is the dynamic viscosity of the liquid. Typically, the
amplitude of the Stokes drag acting on spherical particles is on
the order of the particle radius, and the acoustic radiation force
scales with the particle volume. Thus, for smaller particles, the
sidewall-induced streaming drag dominates particle motion until
a transition size is reached, beyond which the radiation force
becomes more dominant. The trapping mechanism can be
understood by considering the ratio of the acoustic radiation
forces in a standing wave field and the streaming-induced drag

|DOI: 10.1038/541467-017-00845-5 | www.nature.com/naturecommunications 3


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE
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Fig. 3 Particle-wall interaction in an acoustic field. Image sequences demonstrate the particle-wall interaction of a1, b 3, ¢ 6, d 10 and e 15.5 pm diameter
polystyrene particles, respectively, in a microfluidic channel. a-c Represents the sidewall-induced acoustic streaming developed within the microchannel.
The vortex width w decreases with increasing particle diameter. d, @ Demonstrates migration and trapping of 10 and 15.5 pm particles, respectively, at the
channel sidewalls (see also Supplementary Movie 1). Blue arrows represent the particle trajectories, to and t; represent the initial and final position,

respectively. Scale bar, 50 um
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f=0.1Hz

Spinning chains

Spinning aggregates

Fig. 4 Particle interaction in a rotating magnetic field. a 1-2 um fluorescent
superparamagnetic particles are dispersed within the glass slides in the
absence of a magnetic field. b The superparamagnetic particles self-
assemble and form spinning chains at a rotational frequency of 0.1Hz.

¢ The spinning chains fragment into satellites, and eventually the chain
transforms into spinning orbits at a higher frequency. The rotation of the
spinning aggregates is demonstrated at a rotational frequency of 20 Hz, see
also Supplementary Movie 3. Scale bar, 100 um
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forces that can be expressed by the following relationship:

F_R _ pOC0¢kya2 (5)
Fas 61y

The relation is independent of the pressure amplitude, but
depends on the particle and fluid properties, channel geometry and
the wavenumber. When (Fr)/(Fas) <1, the streaming force
dominates, as shown in Fig. 2b. When (FR)/(F,s) > 1, the acoustic
radiation force dominates, as indicated in Fig. 2c. Figure 2d describes
the ratio of the competing forces of different size polystyrene particle
for various geometry-dependent factor, ¥. The geometry factor of a
rectangular microchannel is usually on the order of unity and
matches our experimental condition when ¥ becomes 0.4, ie. for a
standing wave parallel to a wall’”. The critical particle diameter, a,
which determines the transition, can be measured when the acoustic
radiation force is exactly balanced by the streaming-induced drag
force. The diameter a, of polystyrene particles is measured to be ~8
um, which is determined by the intersection of the magenta plot at
(Fr)/(Fas) =1 in Fig. 2d. Figure 2e compares the competing forces
of the polystyrene and the superparamagnetic particles at ¥ ~0.4. As
the acoustic contrast force of the superparamagnetic particles is
higher than that of the polystyrene particles, the critical particle
diameter becomes smaller. The superparamagnetic particle a. is
estimated to be ~5.5 um, which is determined by the intersection of
the blue plot at (Fr)/(Fas) =1 in Fig. 2e.

We verified the size dependence of the particle-wall interaction
by introducing polystyrene particles of diameter 1, 3, 6, 10 and
15.5 um, respectively. The 1, 3 and 6 um particles follow the
streamlines of the sidewall-induced streaming, as shown in
Fig. 3a-c. The vortex width w, which is defined as the distance
between the starting and ending vertex points of a vortex,
decreases as the diameter of the particles increases as the
radiation force becomes prominent. Conversely, the 10 and 15.5
um particles migrate transversely towards the +x direction and
become trapped at the sidewalls, as shown in Fig. 3d and e
(see also Supplementary Movie 1). Supplementary Figure 4
demonstrates the trapping of ~6 um superparamagnetic particles,
whereas, similar size polystyrene particles follow the flow
streamlines. The experiment results closely agree with the
analysis, as shown in Fig. 2d and e (see also Supplementary
Movie 2).
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Fig. 5 Rolling motion in acoustic and magnetic fields. a The 1-2 um superparamagnetic particles self-assemble and form spinning aggregates rotating in the
clockwise direction in the presence of a magnetic field. b The aggregate migrates towards the channel wall due to the radiation force of an acoustic field.
¢ Image sequence demonstrates the rolling-type propulsion along the sidewall of the microfluidic channel (Supplementary Movie 4). d The
superparamagnetic particles disassociate as soon as the magnetic field is turned off. Scale bar of b-d is 50 um. e Image sequence demonstrates the
counter-clockwise motion of an aggregate and executing rolling when reached the wall under a magnetic field strength and rotation frequency of 20 mT
and 20 Hz, respectively, at an acoustic driving voltage of 20 Vpp (Supplementary Movie 6). Scale bar, 25 um. f The plot of the rolling velocity against
acoustic driving voltage at magnetic rotational frequencies (my) of 7.5, 15 and 22 Hz, respectively, at 15 mT, of 2.9 um superparamagnetic particles. Each
data point represents the average rolling velocity analysed from 3-5 swimmers except data points at 10 Vpp. The error bar represents the standard deviation
(s.d.). g An aggregate is shown weak to no rolling at low-acoustic driving voltages of 10 Vpp under a magnetic field strength and rotation frequency of 15

mT and 7.5 Hz, respectively (Supplementary Movie 7). Scale bar, 25 um

Particle assembly and rolling motion. Inspired by the rolling
motion of neutrophils on endovascular walls, we developed a
propulsive mechanism based on a combined acoustic and
magnetic actuation. The magnitude and the frequency of
the magnetic field determine the assembly formation of the
superparamagnetic particles. A magnetic field of a few milli-tesla
ensures that the dipole-dipole interactions are large enough to
attract neighbouring particles. At low rotational frequencies of the
magnetic field the superparamagnetic particles tend to form
chains. The dipole moments of the particles continuously realign
themselves with the direction of the rotating magnetic field.
As the Reynolds number is in the Stokes regime, the viscous
torque due to drag instantly balances the magnetic torque.
The viscous torque® is defined as 7p o ylPw, where 7 is the
dynamic viscosity, [ is the length of the chain and w is the angular
frequency of the chain. A longer chain formation of length / or a
higher angular frequency  increases the viscous torque.

NATURE COMMUNICATIONS | 8:770

The interplay between magnetic and viscous forces determines
the self-assembly configuration.

We sandwiched superparamagnetic particles between glass
slides after which a low-strength rotating magnetic field is applied
that results in a linear chain formation, as shown in Fig. 4a and b.
As the rotational frequency of the magnetic field increases to 20
Hz, the spinning chains begins to fragment into satellites, and
eventually the chain transforms into spinning orbits of diameter
larger than ~6um, which is the critical particle diameter
for acoustic trapping at the wall under the current setup, as
shown in Fig. 4c (see also Supplementary Movie 3). At low
Reynolds number, the time-reversal nature of the spinning orbits
ensures negligible net motion. To generate noticeable motion, a
swimmer needs to break either the symmetry of its motion or the
symmetry of its surrounding geometry.

After superparamagnetic particles are injected into the
microfluidic channel, multiple spinning aggregates or orbits are
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formed by tuning the frequency of the magnetic field, as shown in
Fig. 5a. The aggregates are shown to rotate in the clockwise
direction. When the acoustic field is turned on at an appropriate
frequency and amplitude, assembled particles, with a diameter
larger than the critical diameter a. migrate to the boundaries due
to the acoustic radiation force, as shown in Fig. 5b. As a result, the
symmetry of the spinning aggregates is broken due to the
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presence of a boundary, and a subsequent rolling motion from
left to right is achieved, as seen in Fig. 5c (see also Supplementary
Movie 4). The assembled particles disassociate when the magnetic
field is turned off (Supplementary Fig. 5 and Supplementary
Movie 5). As the acoustic field is still on, and the diameter of the
particles is less than the critical diameter a., the particles undergo
sidewall streaming as shown in Fig. 5d. Figure 5e shows the
counter-clockwise rotation of the aggregates and executing rolling
from right to left when reached the wall (see also Supplementary
Movie 6). We characterised the rolling behaviour and estimated
the minimum power or voltage required by the piezo transducer
to establish rolling. Figure 5f demonstrates the rolling velocity for
different acoustic voltages at various magnetic rotational
frequencies. As we decrease the acoustic voltage, rolling is
achieved voltage until a lower acoustic voltage threshold is
reached. For example, when the voltage is reduced to 12 or 10 Vpp,
a rolling motion is no longer obtained. At this critical voltage,
most of the rollers are unaffected by the acoustic power and the
few that reached the wall induced rolling at the wall transiently. As
the contact between a roller and the wall remains weak, the roller
also drifts away, as shown in Fig. 5g (see also Supplementary
Movie 7). The experiments also suggest that the rolling speed is
primarily dependent on the magnetic rotational frequencies, i.e.
the average rolling speed increase from ~10 to 17 um/s as the
magnetic rotational frequency is doubled from 7.5 to 15 Hz.

The acoustic-based reaction force that is responsible for
propulsion is perpendicular to the gravitational force and points
in directions toward the sidewalls. For (Fg)/(Fas) > 1, the acoustic
radiation force dominates, which is balanced by the Stokes drag.
The magnitude of the gravitation force incorporating buoyancy,
can be calculated as F, = 4/3za’g(p, — p,), where g=9.81 m/s?
is the gravitational constant, is in the range of piconewtons. The
velocities of different sized particles reaching the sidewalls of the
channel ranges from 5 to 10 pm/s. Although, both the acoustic
radiation and the gravitation forces scale with the particle volume,
the radiation force of a 10 um polystyrene particles is approxi-
mately two orders of magnitude larger than its gravitational
counterparts.

We believe that the rolling mechanism can potentially be used
for in vivo applications. The developed method is not expected to
lead to thrombosis as the local shear rate developed by rolling
close to the wall is unlikely to prompt any shear-induced
platelet activation. The shear rate, which is estimated as
¥ = 7 <l per second, where v ~20 pm/s is the rolling speed, and
h ~30 um is the diameter, is of at least few orders lower than the
shear-induced platelet activation®’.

Particle motion in 3D channel. Developing propulsion with a
geometric configuration that closely matches physiological

Fig. 6 Propulsion in a circular cross-sectional artificial vasculature. a The
image represents a three-dimensional PDMS-based artificial vasculature
with a circular cross section. The inset shows the fluorescently labelled
channel. b The particles sediment vertically downward towards the nearest
surface and then slowly roll down to the bottom of the channel due to
gravity. ¢ Particles roll up along the circular channel from state tg to t; in the
presence of acoustic waves. The green dashed line in ¢ represents the
maximum height particles can reach. d Particle rolls down along the
surface, from state tq to t; in the absence of acoustic waves. e The
micrograph shows that particles aligned at the bottom of the channel in the
absence of the acoustic waves. f Image sequence demonstrates the
particles migration is moving upwards along the channel in the presence of
the acoustic field, see also Supplementary Movie 8. g Rolling motion is
executed in a circular channel, see also Supplementary Movie 9. All scale
bars, 500 um
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settings is essential. Circular cross-sectional artificial vasculature
are fabricated using a mould replica technique, as shown in
Fig. 6a (see also ‘Methods’ section). The inset represents a channel
filled with a fluorescently labelled dye. The channels have rela-
tively large radii of curvature; as a result, imaging under micro-
scopes with a high magnification objective becomes difficult. We
used a low magnification objective lens (x2) and large particles
(~1 um in diameter) to compensate for the depth-of-field. To
elucidate the acoustic trapping mechanism within the circular
channel, particles are allowed to sediment at the bottom. The
particles move vertically downward due to gravity and come in
contact with the nearest surface (Fig. 6b). They gradually roll
down along the curved surface and align themselves at the bottom
of the channel. The sedimentation process is not required as
particles interact with the boundary in an acoustic field. However,
imaging and characterisation of particle migration become diffi-
cult as particles are trapped at different depths along the circular
vessel.

When the acoustic field is activated, particles roll up along the
circumference against the gravitational and contact forces from
configuration f, to #;, as shown in Fig. 6¢c. Once the acoustic field is
turned off, the particles slowly roll down along the surface and
realign themselves at the bottom, as shown in Fig. 6d. Figure 6e
demonstrates sedimentation and alignment in the absence of an
acoustic field. As soon as the acoustic field is turned on, the
particles roll up along the surface. Figure 6f shows the image
sequence of particle trajectories along the curved channel (see also
Supplementary Movie 8). To verify our rolling-based propulsion
along an artificial vasculature, superparamagnetic particles are
injected into the channel. A rotating magnetic field is used to
assemble particles above the critical diameter a.. When an acoustic
field is applied, particles migrate to the channel wall, and a
subsequent rolling motion results along the vessel, as shown in
Fig. 6g (see also Supplementary Movie 9).

Discussion

We demonstrated a mechanism that self-assembles single
particles and then transports them along boundaries of the
microchannels by a combined acoustic and magnetic actuation
technique. Our mechanism provides a potential design strategy to
deliver drugs in hard-to-reach capillaries and can become
advantageous in delivering nanodrugs to a tumour or leaky
vasculature. Nanodrugs rarely reaches the tumour site due to
factors arising from the interstitial fluid pressure, the slow
diffusion rate of particles in the tissue, impaired blood supply,
etc®® 02, We look forward to functionalizing nanodrugs with the
iron-oxide particles to allow mapping of the vasculature and a
simultaneous transportation.

The self-assembly of our swimmers also has numerous advan-
tages over already synthesised or fabricated microswimmers,
which have limited biocompatibility, i.e. they require additional
surface modifications, which can be challenging for in vivo
applications. In contrast, we can use biocompatible magnetic
particles already approved for use as contrast agents for magnetic
resonance imaging. In addition, synthesised swimmers are asso-
ciated with sophisticated and expensive fabrication procedures,
whereas our concept involves a simple method of operation using
commercially available superparamagnetic particles.

Currently, we have demonstrated rolling motion under no
flow, and we assume that being close to the boundary
may become favourable for the motion against the flow. The
assembled superparamagnetic particles close to a wall experience
many forces and torques that could become beneficial for particle
margination and transport along or against the flow. As a proof-
of-concept, we demonstrated assembly of superparamagnetic
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particles under a flow in a magnetic field (see also Supplementary
Fig. 6 and Supplementary Movie 10). Future work will include a
thorough investigation of rolling behaviour at different flow
conditions.

Methods

Experimental setup. Our experimental design includes PDMS-based rectangular
and circular cross-sectional microchannels and piezoelectric transducers (see also
Supplementary Fig. 1). The transducer component is mounted on a glass slide
adjacent to the channel using a thin layer of two-component epoxy glue, and is
connected to an electronic function generator. The setup is mounted on an inverted
microscope (Olympus IX 81) and imaged through a sensitive CMOS camera. The
excitation frequency of the acoustic waves is modulated from 20 to 200 kHz, at 10
to 30 Vpp. A custom built electromagnetic system (MagnebotiX MFG-100-i) with
eight independently controlled coils was integrated with the microscope to generate
the magnetic fields in the system, see also Supplementary Fig. 2. A maximum field
strength and rotation frequency of 20 mT and 22.5 Hz, respectively, were used in
our experiments. Commercially available superparamagnetic particles of diameter
1-2 um (Polysciences) and 2.9 um (COMPEL, Bangs Laboratories) are used in the
experiments. A combination of acoustic and magnetic fields was utilised to
demonstrate rolling motions near boundaries or walls.

Microfluidic channel. A straight single-layer PDMS microchannel was fabricated
using a conventional soft lithography and mould replica technique. A silicon
master mould for the microchannel was patterned using a positive photoresist
(Shipley 1827, MicroChem, USA) and etched. The mould was then vapour coated
with 1H,1H,2H,2H-perfluorooctyltrichlorosilane (Sigma Aldrich, USA) such that
the master mould does not disintegrate and to avoid any subsequent damage to the
PDMS channel during the demoulding process. Sylgard 184 Silicone Elastomer
Base and Sylgard 184 Silicone Elastomer Curing Agent (Dow Corning, USA) were
mixed at a 10:1 (weight:weight) ratio and cast onto the silicon mould. The uncured
PDMS on the silicon mould was then degassed in a vacuum desiccator for 2 h to
remove any air microbubbles and later cured at 65 °C for 2 h. After gently
removing the cured PDMS from the silicon mould, the inlets and the outlets were
punched into the PDMS using a reusable biopsy punch (Harris Uni-Core, Ted
Pella, USA). Then, the PDMS device was bonded to the cover glass after plasma
treatment.

3D PDMS-based circular channel. 3D channels are made by moulding electric
wires into PDMS, which are removed after curing. Electrical wires of diameter 500
pm are embedded in a six-well plate (Corning). Then a 10:1 PDMS mixture is
poured into the wells. To remove gas bubbles, they are refrigerated at —4 °C. The
wells are kept at room temperature for half an hour and then placed on a hot plate
at 60 °C for an hour. The wires are then carefully pulled out from the cured PDMS
gels.

Data availability. The authors declare that data supporting the findings of this
study are available within the paper and its supplementary information files.
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