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1 Introduction

Magnetophoretic long jump of magnetic
microparticles in an engineered magnetic stray
field landscape for highly localized and large
throughput on-chip fractionation

¢ and Arno Ehresmann 2

Rico Huhnstock, @*® Lukas Paetzold,? Piotr Kugwik
A common issue faced by magnetic particle-based lab-on-a-chip systems, e.g., for medical diagnostics, is
the intrinsic fabrication-related polydispersity in particle sizes and magnetic properties. Therefore, to
reduce this variation, it is prudent to integrate a pre-separation procedure for the particles into the overall
workflow of the system. In this work, a concept for the controlled on-chip fractionation of micron-sized
superparamagnetic beads (SPBs) is introduced, which is applicable for sorting magnetic particles according
to their properties in a continuous operation mode. A specifically designed magnetic domain pattern is
imprinted into an exchange-biased thin film system to generate a tailored magnetic stray field landscape
(MFL), enabling lateral transport of SPBs when superposing the MFL with external magnetic field pulses.
The domain pattern consists of parallel stripes with gradually increasing and decreasing width, resulting in a
step-wise jumping motion of SPBs with increasing/decreasing jump distance. SPBs with different
magnetophoretic mobilities, determined, among others, by the particle size and magnetic susceptibility,
discontinue their lateral motion at different jump distances, i.e., different lateral positions on the substrate.
Thorough analysis of the motion using optical microscopy and particle tracking revealed that an increasing
stripe width not only leads to a larger jump distance but also to a lowered jump velocity. As a
consequence, particles are spatially separated according to their magnetic and structural properties with a
large throughput and time efficiency, as simultaneous sorting occurs for all particles present on the
substrate using a constant sequence of short external field pulses.

recognizing different analyte substances''™® and their magnetic
characteristics can be exploited for a controlled actuation inside

Lab-on-a-chip (LOC) platforms or miniaturized total chemical
analysis systems (p-TAS) are considered key technologies for the
implementation of rapid and cost-effective point-of-care sensing
and diagnostics.'™ Existing solutions, like commonly used
membrane-based lateral flow assays, are indeed cheaply
produced devices; however, they come with drawbacks
regarding sensitivity and reliability.*® As a possibility for
improvement, magnetic particles (MPs) in the size range of
nanometers to micrometers are proposed as analytic probes.”
Their surface properties are tunable via various chemical
synthesis routes, offering substantial flexibility in terms of
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applied magnetic fields. If a batch of spherical MPs shall be
used on-chip, which is the typical application scenario, it is
desirable that their magnetic field responses, leading to a
certain motion velocity, do not differ too much, ie., fall in a
narrow range around an average value. The decisive quantity for
magnetic field-controlled motion of spherical MPs in liquids is
their magnetophoretic mobility U,,,, defined as

- AV
me 6m)R’

(1)

where Ay is the difference between the magnetic susceptibilities
of MP and the surrounding liquid, V is the volume of the MP, 5
is the viscosity of the liquid and R is the radius of the MP."”"
Uy, therefore, depends on the effective MP size, the MP
magnetic response to an applied magnetic field and the
properties of the surrounding liquid. For a given liquid, the first
two parameters may vary independently among the different
MPs. Typically, for all MP batches, either commercially available
or lab fabricated, exact sizes and magnetic susceptibilities are
challenging to control in the fabrication process and, thus, may
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differ considerably. For defined on-chip functionalities, a
presorting of MPs with respect to Uy, is, therefore, a necessity.
One concept to achieve such presorting is to use stepwise or
ratchet-like MP motion technologies, where static magnetic
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domain patterns in flat films**>* are superposed by a time-
varying external magnetic field. The MFLs contain large
magnetic field gradients over micron-sized distances, resulting
in comparably strong magnetic forces exerted onto the MPs. By

field landscapes (MFLs) emerging from topographic
micromagnetic structures on a surface’®>' or stable magnetic

dynamically transforming the field gradients via the superposed
external field, a remote-controlled, directed MP motion close to
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Fig. 1 Schematic concept for the directed transport of superparamagnetic beads (SPBs) in a microfluidic environment above a magnetic stripe
domain pattern with gradually increasing stripe width and a head-to-head (hh)/tail-to-tail (tt) magnetization configuration. This concept can be
utilized for the mobility-dependent fractionation of SPBs based on a spatially localized immobilization when approaching larger stripe domain
widths. (a) A tailored magnetic stray field landscape (MFL) is emerging from the domain pattern (dark blue lines), trapping the SPBs above stripe
boundary (domain wall) positions due to a local maximum stray field strength. A periodic sequence of trapezoidal magnetic field pulses in the
vertical z-direction (solid, black line) and the lateral x-direction (grey, dashed line) with a fixed alteration frequency is applied to induce SPB
transport in the lateral x-direction. The external fields are superposing the MFL, resulting in a dynamic magnetic force Fuag(x, z, t) acting on the
particles as depicted in (b) to (e). SPBs are attracted to a position of maximum effective field strength, i.e., minimum potential energy, which is
shifted constantly by the externally applied field pulses, leading to near-surface, stepwise motion of the SPBs. (f and g) Computed spatial
distributions of the MFL components H, and H, emerging from a portion of the magnetic domain pattern that was used in SPB transport
experiments. Red dashed lines indicate domain wall locations. The field distributions were derived from micromagnetic simulations for a distance
of 2500 nm above the patterned magnetic thin film system. A line profile visualizes the lateral evolution of the respective stray field component,
averaged over the blue-shaded area.
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the chip surface in a quiescent liquid is obtained, allowing for
the implementation of various LOC functionalities."****>"°
When applying trapezoidal field pulses,”® given that the pulse
length extends long enough in time, the MPs start to accelerate,
reach their steady-state velocity during the pulse plateau, and
slow down when reaching a neighboring position of minimal
potential energy. The intra-pulse (maximum) steady-state
velocity v is determined by the equilibrium of accelerating
magnetic force and viscous drag exerted by the surrounding
fluid.**?° For sufficiently short pulses, the change of the
effective field (the vector sum of the static and the external field)
acting on the MP is considerably faster than the time required
by the MP to reach its next position with the given v, effectively
disabling a motion step for the MP. Hence, the pulse length (or
pulse frequency) is a decisive experimental parameter for
deciding whether MPs can follow the dynamic transformation
of the effective magnetic field and, therefore, allow continuous
MP motion. A higher frequency of pulses (or shorter pulse
length) will only allow for motion of MPs with sufficiently large
Upny, resulting in a fractionation of the MP batch according to
their magnetophoretic mobilities. As this fractionation concept
necessitates sweeping the external field frequency, an
autonomous, continuous operation within an LOC device is not
straightforward to implement.

In this work, we present a unique MFL design based on
an engineered magnetic domain pattern that enables
localized MP fractionation using external field pulses of
constant length. In particular, we will show how ion
bombardment induced magnetic patterning (IBMP) of in-
plane magnetized, exchange-biased layers can be employed
to fabricate parallel stripe domains with variable widths and
a  head-to-head  (hh)/tail-to-tail ~ (tt) = magnetization
configuration (see Fig. 1(a)).

Superparamagnetic beads (SPBs) interact with the MFL
forming above the domain pattern, leading to their attraction
towards locations of either hh or tt domain walls (DWs) in
the underlying substrate. Superposing the MFL with a
periodic sequence of trapezoidal magnetic field pulses
applied in the x- and z-direction, a lateral stepwise motion of
the SPBs is initialized. Each field pulse transforms the
effective field acting on the SPBs, resulting in a periodically
repeated magnetic force moving the SPBs sequentially from
one DW position to the adjacent one (see Fig. 1(b)-(e)). We
hypothesize that if the stripe domain width becomes too
large, SPBs, depending on their magnetophoretic mobility,
are not able to cross the distance to the adjacent DW in time,
before a new field pulse is applied. Thus, the domain pattern
and the resulting MFL are designed to allow for the
controlled spatial separation of SPBs with differing U, within
a continuous experiment, where none of the external field
parameters need to be adjusted. This concept, therefore,
possesses the potential to enable a straightforward time-
efficient operation, which goes beyond the frequency-based
separation method established in literature, e.g. ref. 14 and
25, that typically focuses on highly symmetrical
micromagnetic structures.
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2 Experimental

2.1 Fabrication of magnetically patterned substrate

A magnetic parallel-stripe domain pattern with gradually
changing stripe width (stripe length equal to substrate size of
ca. 10 mm) and a periodic head-to-head (hh)/tail-to-tail (tt)
magnetization configuration was imprinted into an
exchange-biased (EB) thin film system via IBMP.>'** The thin
film system consisted of a Cu(5 nm)/Ir;;Mng;(30 nm)/Coy¢-
Fe;30(10 nm)/Si(20 nm) layer stack, which was deposited onto
a naturally oxidized Si(100) wafer piece (ca. 10 mm x 10 mm)
by rf-sputtering at room temperature. Subsequently, the
sample was field cooled to set the in-plane direction of the
EB. For this, the sample was placed in a vacuum chamber
(base pressure = 5 x 10~/ mbar) and annealed at 300 °C for
60 min in an in-plane magnetic field of 145 mT. In this state,
the sample was ready for IBMP. Therefore, a homogeneous
photoresist, with a sufficient thickness to prevent 10 keV He
ions from penetrating the magnetic layers, was deposited on
top of the thin film system via spin coating. The photoresist
was structured to exhibit covered and uncovered areas of
varying width and an equal length that corresponds to the
size of the sample, using direct laser writing lithography.
Starting with an uncovered stripe width of 1.2 um, the
adjacent covered stripe had a width of 1.5 pm, followed by
another uncovered stripe of 2 um. This alternation of covered
and uncovered areas with gradually increasing widths was
repeated with an increment of 0.5 um until a stripe width of
5 um was reached. For this width, the alternation of covered
and uncovered areas was repeated eleven times. In the
following, covered and uncovered areas were further widened
with an increment of 0.5 um until a width of 10 pm was
finally reached.

These widest covered and uncovered resist areas were
repeated seven times. Finally, the width of covered/uncovered
areas was decreased back to the starting value of 1.2 pm,
following the same incrementation parameters as for the
width increase. This increase/decrease procedure is repeated
periodically throughout the whole substrate area. Fig. S1 in
the SI presents a local microscope image of the resist
structure design. The long axis of the stripes was oriented
perpendicular to the initial EB direction (set by the field
cooling procedure). After resist structure fabrication, the
sample was bombarded with a dose of 1 x 10" cm™ He ions
(kinetic energy of 10 keV) employing a home-built Penning
ion source.*” This ion dose suffices to create a stable
remanent domain pattern, with no remagnetization induced
by the weak field pulses employed in the transport
experiment. For a periodic hh/tt magnetization of adjacent
stripe domains, an in-plane homogeneous magnetic field
(100 mT) was applied during ion bombardment, pointing
antiparallel to the direction of the EB initializing field
employed in the field cooling procedure. After bombardment,
the photoresist was removed by washing the sample
thoroughly with acetone. Finally, the sample surface was
cleaned by rinsing it with acetone, isopropanol, and water.
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After drying, a 500 nm thick poly(methyl methacrylate)
(PMMA) spacing layer was deposited on top of the sample via
spin coating.

2.2 Computation of magnetic stray field landscape

The simulation package MuMax3 (ref. 35) was used to compute
the magnetization distribution 7i(x, y) within a region of interest
for the investigated stripe domain pattern with gradually
increasing stripe width. Depending on whether stripe regions
were bombarded/non-bombarded during the fabrication
procedure, differing magnetic properties were assigned: an
exchange stiffness constant of Ae = 3 x 107" ] m™*¢ a
saturation magnetization of Mg = 1.23 x 10° A m™,*” a uniaxial
anisotropy constant of K = 4.5 x 10* J] m™?® for the non-
bombarded stripes, and accordingly 4., = 3 x 107 J m™, Mg =
1.18 x 10° A m™', K = 3.375 x 10" ] m™ for the bombarded
stripes. The saturation magnetization and anisotropy constant
are slightly reduced for the bombarded regions, as reported in
previous publications.’”?** For implementing the EB-related
pinning of the respective domain magnetizations, additional
biasing magnetic fields were defined for bombarded/non-
bombarded stripes with opposing directions. Here, the
magnetic flux densities were chosen to be 13 mT for the non-
bombarded regions and 6.7 mT for the bombarded stripes
according to experimentally determined values from hysteresis
loop measurements. The region of interest was discretized into
cubic mesh elements of 5 nm x 5 nm X 10 nm. The simulation
software computed the relaxed magnetization state of the
described system, giving a distribution of magnetic moments 7i;
for each mesh element i. It was subsequently used for obtaining
magnetic stray field components H(7) and H,(7) (see
Fig. 1(f and g)) via the following dipole approximation:*°

3R<R m) -

— 1 T m;

H(r):_. . - L (2)
i 5 )R ‘

R =T —T; represents the distance vector between position 7" and

dipole position (mesh element position) 7.

2.3 Transport of superparamagnetic beads

For inducing the directed motion of SPBs, 20 pL of a diluted
aqueous dispersion of SPBs (Dynabeads M-270 Carboxylic
Acid/Dynabeads MyOne) was pipetted on top of the
magnetically patterned substrate. The fluid containing the
SPBs was confined by a microfluidic chamber that was
adhered to the substrate surface. The chamber was produced
by cutting a square of approximately 8 mm x 8 mm out of a
10 mm X 10 mm sized Parafilm sheet. The chamber was
sealed by a square-shaped glass coverslip and the substrate
with the SPBs on top was placed in the center of a Helmholtz
coil arrangement. Within this arrangement, orthogonally
placed Helmholtz coils allowed for the application of
homogeneous  trapezoidal magnetic  field pulses
perpendicular and parallel to the transport substrate plane,
i.e., the z- and x-direction. The substrate itself was aligned
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with the substrate plane normal pointing parallel to the
z-direction and the in-plane magnetization direction pointing
parallel to the x-direction (see Fig. 1). Each magnetic field
pulse consisted of a linear rising time, a plateau time, and a
linear drop time. The rising and drop times were determined
by the pulse magnitude Hy,.x as well as the alteration rate of
the external magnetic field being 3.2 x 10° A m™ s™. The
pulse magnitudes were chosen to be goHmax = 1 mT for the
x-direction field and goHmax, = 1 mT or 2 mT for the
z-direction field. For the initialization of directed SPB
motion, a temporal phase shift of m/2 between pulse
sequences in the z- and x-direction and a periodic change of
pulse orientation between H,, and —Hp,,, was implemented
(see Fig. 1(a)). For observing and recording the SPB motion,
the sample was approached with an optical bright-field
microscope in reflection mode. SPB motion was recorded
with an attached high speed camera: both a Mikrotron
EoSens CoaXPress CXP-6 camera (maximum resolution of
4096 px x 3072 px) at a framerate of either 25 frames per
second (fps) or 10 fps and an Optronis CR450x2 camera
(maximum resolution of 800 px x 600 px) at a framerate of
1000 fps were employed for SPB transport characterization.

3 Results

3.1 Qualitative investigation

SPBs with a diameter of 2.8 pm were placed on top of an EB
thin film substrate magnetically patterned by IBMP. The
pattern consists of parallel stripe domains with gradually
increasing/decreasing stripe width and a periodic in-plane
hh/tt  magnetization configuration (see Fig. 1(a)).
Fig. 1(f and g) presents the magnetic stray field distributions
for H, and H, emerging above the substrate at a distance of z
= 2500 nm away from the magnetic thin films. Maxima and
minima of H, are located above DW positions, while,
conversely, maxima and minima of H, can be found in the
center between two DWs. An aqueous dispersion of the SPBs
was pipetted onto the magnetically patterned substrate
(covered by a 500 nm thick PMMA layer) and a sequence of
trapezoidal magnetic field pulses in z- and x-direction (see
Fig. 1(a)) was applied after letting the SPBs sediment towards
the substrate surface. Fig. 2(a) presents a microscope image
taken before applying the external fields (¢ = 0.0 s). For better
recognition of SPBs, the background of the image, containing
inhomogeneous illumination and substrate defects, was
subtracted and a denoising algorithm was applied.

SPBs are statistically distributed across the field of view in
this initial state. The approximated positions of stripe DWs
in the underlying substrate are indicated by dashed black
lines. For the lateral x-coordinate, SPBs are mostly located
directly above or very close to a DW, owing to the attraction
toward maximum stray field strength. Upon initiating an
external magnetic field pulse sequence with a period of T =
0.4 s and pulse amplitudes of poH ext = floHyexe = 1 mT in z-
and x-direction, respectively, SPBs performed a stepwise
motion in positive x-direction, towards increasing stripe
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Fig. 2 Optical analysis for the motion behavior of SPBs dispersed in water on top of a magnetic stripe domain pattern with gradually varied stripe
width. Shown are single optical microscope images (a)-(e) obtained at different recording times t of a video recording taken with a frame rate of
25 fps. For the recorded experiment, a periodic sequence of trapezoidal magnetic field pulses with T/4 = 0.1 s and goHmaxx = foHmaxz = 1 mT was
applied. The stripe domain pattern within the underlying substrate is indicated in each displayed frame by black dashed lines. Throughout the
frames, eight exemplary SPBs are highlighted by either green circles (initially mobile) or red circles (initially immobile). Numbers are assigned to
these SPBs so that their change in position can be traced. For frames (a) and (b), SPBs (black spots) are transported from left to right across the
substrate (see green arrows), leading eventually to immobilization at a lateral x-position of ca. 100 um, prominently visible in (c). Here, the external
field sequence was stopped and paused for 8 s, resulting in a halted SPB motion. Upon re-initialization of the external field sequence with inverted
phase relation between field pulses in z- and x-direction, SPBs are transported into the opposite direction, emphasized in (d) and (e) by the green
arrows. Frame (e) highlights the immobilization of SPBs this time around ca. 200 um x-position. Lateral particle density profiles, averaged along the

75 150 225
X [um]

y-dimension, are included as brown-filled curves in each frame.

domain width, ie., increasing DW separation distances.
Reaching a certain DW separation distance, SPBs began to
perform  oscillating along the lateral
x-dimension, effectively losing their transportability and
being, therefore, classified as immobile. SPBs located at the
substrate area of maximum DW separation directly after
sedimentation showed this oscillatory motion from the start
of the external field sequence. At ¢ = 6.4 s, the gradual SPB
immobilization observable by an increasing
accumulation of SPBs at a lateral position of x = 100 um
(Fig. 2(b)) though a few SPBs were immobilized even earlier,
starting from around 60 um x-position. Here, SPBs are
prominently caught between 9.0 pm and 9.5 um wide stripe
domains. After t = 12.8 s, all SPBs moving from left to right
are immobilized, leading to a maximum accumulation of
SPBs at the largest DW separations (Fig. 2(c)). The external
fields were stopped at this moment. Probing whether SPBs
can regain their transportability, a pulse sequence with
inverted phase relation between fields in z- and x-direction
was applied after a pause, initiating SPB transport in the
opposite direction. As a consequence, formerly immobilized
SPBs at =100 um x-position could be transported from right
to left, as can be seen for ¢ = 24.0 s in Fig. 2(d). At the end of
the experiment, at ¢t = 33.2 s, SPBs were accumulated at an
x-position of ~200 pm. They represent SPBs that were
previously immobilized at larger DW separation distances
not seen in the field of view, owing to the periodic repetition
of increasing/decreasing stripe domain width. After inverting
the phase relation for the external field sequence, they were
transported back into the field of view and finally
immobilized again at larger DW separation distances.
Starting from this general observation, exemplary single
SPBs (highlighted in Fig. 2(a)-(e) by green and red circles)

movements

was
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were followed more closely to analyze their immobilization
efficiency. Four SPBs (1-4) were located at a stripe domain
width of 5 pm at the beginning of the experiment, i.e., after
particle sedimentation, while four other SPBs (5-8) were
positioned at a stripe domain width of 10 pm. The latter
fraction of SPBs proved to be immobile (oscillating motion)
throughout the displayed frames (a)-(e) in Fig. 2, resulting in
no significant change in their lateral x-position. Particles 1-4,
however, were transported during the first sequence of
externally applied field pulses towards wider stripe domains,
eventually being immobilized once they could not reach the
adjacent DW in time (see Fig. 2(c)). Upon inducing SPB
transport in the opposite direction (Fig. 2(d)), only particle 3
stays immobilized, most probably because it was pushed by
other incoming particles to a region of maximum stripe
domain width. The other SPBs regained their mobility since
the reversed transport direction allowed them to perform
shorter jumps due to a decreased DW separation distance.
Overall, 37 SPBs were located at the region of maximum
stripe domain width (10 um) before starting the experiment,
rising to 86 particles after finishing the first external pulse
sequence due to the gradual immobilization of incoming
particles. When applying the second pulse sequence with
inverted transport direction, 74 SPBs stayed in this region
after the mobile fraction of particles had left. Once this
sequence has finished as well, the number rose again to 104
SPBs because particles coming from the opposite side are
gradually immobilized in this instance. As a consequence, a
reduction of the mobile SPBs was observed when applying
consecutive external pulse sequences with inverted phase
relation (leading to different transport directions).

From the initial experiment, first evidence for the
fractionation capability of the investigated domain pattern

This journal is © The Royal Society of Chemistry 2026
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design is collected. For studying the SPB motion behavior in
more detail, continuous tracking of SPB rows was realized by
looking at the time dependence of lateral intensity profiles,
as a measure for SPB density, within each recorded image
frame of the transport experiment. These profiles represent
the image pixel grey scale values along the x-dimension and
were averaged for each image along the y-direction to get the
mean position information for each SPB row. Examples of
the intensity profiles are documented as brown-filled curves
in each image of Fig. 2(a)-(e). Peaks within the profiles mark
the momentary lateral positions of single SPB rows. Plotting
the lateral intensity profiles of all images that were recorded
during the experiment as a function of time creates a 2D
false-color image that enables the tracing of each SPB row
position throughout the experiment. Using this evaluation
method, the qualitative SPB motion behavior can be
visualized more intuitively and the influence of changing
experimental parameters can be detected at first glance.

For instance, Fig. 3(a) shows the map of lateral intensity
profiles in dependence on experimental time for the initially
described transport experiment of Fig. 2. Continuous lines of
high intensity (low grey scale value) mark the trajectories of
single SPB rows, whereby the absolute grey scale value
correlates antiproportionally with the number of particles
present in a specific row.

Initially, SPBs are transported from left to right through
the field of view, leading to diagonal intensity lines, except
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for the substrate region, where SPBs perform oscillating
movements from the beginning. This is the case for a region
between ~60 um and ~200 pm lateral x-position, which is
therefore highlighted in Fig. 3(a) by two dashed white lines.
Over time, SPBs are either approaching this region from the
left or leaving this region to the right. For most of the
approaching SPBs, it could be observed that they eventually
transition to oscillating movement, most prominently before
the stripe domain width increases to 9.5 um. This is mirrored
in the intensity map of Fig. 3(a) by a zig-zagging line at =100
pm x-position, with an increase of intensity (decrease of grey
scale value) observable for this line over time. Thus, an
increasing number of approaching SPBs was immobilized at
this position, accounting for the rising SPB density. Some
SPBs transition to oscillating motion at larger stripe domain
widths or even continue their directed motion, i.e., they are
transported beyond the immobilization region. These SPBs
acquire larger motion velocities, most likely due to a larger
magnetophoretic mobility (see eqn (1)). Hence, they are
enabled even for the largest stripe domain width (10 um) to
traverse the distance between two neighboring DWs in phase
with the transformation of the MFL by the external fields.
This physical mechanism will be analyzed in more detail in
the Discussion section. Stopping the external field sequence
at ¢t = 13 s (marked by the lower horizontal white line in
Fig. 3(a)), the SPBs rest at their immobilized position,
indicated by straight lines in the intensity map. After ¢t ~ 21 s
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Fig. 3 Motion behavior of SPBs dispersed in water on top of a magnetically patterned substrate with increasing stripe domain width for two
different external magnetic field amplitudes in z-direction. A qualitative impression of the SPB transport is given by presenting averaged lateral
intensity profiles of each recorded image frame as a function of recording time. The color scale indicates the image intensity; high intensity
represents the background and low intensity the presence of SPB rows. For weak external magnetic field pulses of poH;ext = ptoHxext = 1.0 mT
magnitude (a), fractions of mobile and immobile SPBs were distinguishable in dependence on the substrate position. The immobilization of SPBs
occurred at a substrate area between ~60 pm and =200 um lateral x-position (marked by dashed white lines), coinciding with the substrate region
of largest stripe domain width. Mobile SPBs were initially transported from left to right until immobilization. After a pause, the external field
sequence was modified so that SPB transport from right to left was initiated. Most of the previously mobile SPBs regained their mobility by this.
Stronger field pulses of xoH, ext = 2 MT magnitude (b) lead to mobilization of SPBs even for the region of largest stripe domain width.
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(marked by the upper horizontal white line in Fig. 3(a)), an
adjusted field sequence leads to transport of immobilized
SPBs towards the left edge of the field of view. It is most
prominently visible that almost all SPBs immobilized at x ~
100 pum regained their transportability and could be
relocated. SPBs that stay in the immobilized region are
mostly those that were already located there from the start of
the experiment, ie., after sedimentation. They supposedly
don't possess sufficient magnetophoretic mobility to traverse
the respective DW separation distance. Mobile SPBs that
approached the region of largest stripe domain width from
the right yielded similar observations: they either
transitioned to oscillatory motion at a certain DW separation
distance or, in a few rare cases, maintained their directed
motion. A large group of SPBs entering the field of view at ¢
~ 27.5 s was prominently immobilized at x =~ 175 pm. These
SPB rows arrived in close succession since they were
immobilized according to their respective magnetophoretic
mobility at large stripe domain widths outside of the chosen
field of view. For studying the influence of the external field
strength on the SPBs' transportability, a similar experiment
was conducted with a magnitude of yyH, .« = 2 mT for the
field pulses in z-direction, while the pulses in x-direction
were kept at yoHy exe = 1 mT magnitude. The result for a 1.5 s
long segment of this experiment is displayed in Fig. 3(b).
Two fractions of SPBs are visible, one at the right edge and
one on the left edge of the field of view. The right fraction is
located at larger DW separation distances than the left
fraction. Remarkably, even the fraction at the largest DW
separation distances shows continuous transportability in
both directions, which was not true for the lower external
field strength. For this particular experiment,
decreased period T = 0.2 s still allowed for continuous SPB
transport throughout the whole substrate area, owing to the
increased external field strength. The transportability of the
right fraction must, therefore, be connected to a larger
magnetic force acting on the SPBs with the increased
magnitude of H, .. With a larger driving force, SPBs gain in
their motion velocity and are consequently enabled to follow
the transformation of the MFL in phase. To quantify this
increase in motion velocity, single SPBs were measured to
achieve an average maximum velocity (acquired during a
transport step) of 150(20) um s for 1 mT H, pulse
magnitude, while for 2 mT the velocity sprung up to 220(20)
um s™'. The results suggest that the external field strength is
a regulator for controlling SPB mobility towards specific
applications.

even a

3.2 Quantitative analysis of step velocity

A deeper analysis uncovered an additional dependency of the
SPB steady-state velocity (the velocity acquired by an SPB after
its acceleration phase) on the current lateral position above
the substrate. More specifically, it depends on the distance
traveled by the SPB during one motion cycle, ie., the DW
separation distance. The analysis was carried out by initiating
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SPB movement over the whole substrate area, thus inducing
transport steps for all DW separation distances.

The following parameters for the external magnetic field
pulse sequence were, therefore, chosen in order to avoid
immobilization of the SPBs: pioH, cxe = 1 mMT, ftoHy e = 1 mT
and T = 0.8 s. The increase in 7 gave the SPBs sufficient time
to follow the transformation of the MFL in phase and thereby
maintain continuous transportability. Microscope images of
the experiment were recorded for 8 s at a frame rate of 1000
fps and averaged lateral particle density profiles were
determined for every image. The evolution of these profiles
over time is shown in Fig. 4(a), indicating transport of SPB
rows from left to right through the field of view. From a
qualitative point of view, small transport steps within the SPB
row trajectories can be observed for lower x-positions, while
with larger x-position the distance per step is increasing. The
trajectories of 19 SPB rows are traceable in total for this
intensity profile map. Two trajectories were handpicked to
serve as exemplary trajectories for the following description
and visualization of steady-state velocity determination and its
dependency on the SPB transport step distance. The starting
and end positions of these trajectories are marked with purple
and green arrows in Fig. 4(a), respectively. They were chosen
because a wide range of DW separation distances from 2 pm
to 10 um, i.e., a wide range of SPB transport step distances are
covered herein. It needs to be emphasized at this point that no
single particle analysis was taken into account, for the reason
that single particle tracking was not feasible for the
experimentally obtained SPB densities. As we were interested
in the general development of SPB steady-state velocity with
increasing stripe domain width, the tracking of SPB rows via
lateral intensity profiles sufficed.

The SPB row motion consists of two distinguishable
phases: a transport phase towards the adjacent DW that is
induced with the application of magnetic field pulses in z
and x-direction, as well as a resting phase where the motion
of the SPBs is completed and the application of the next field
pulse is awaited. Both phases can be observed more closely
by showing 400 ms long snippets of the exemplary
trajectories in Fig. 4(b)-(d). The position of each snippet
within the overall SPB row trajectory is marked by white
shaded areas in Fig. 4(a). Note that the visualization is now
reversed, plotting the x-position data for intensity peaks in
the map of Fig. 4(a) as a function of time ¢. Each snippet
contains a larger transport step, which results from applying
a field pulse in the z-direction, and a smaller transport step,
which is the consequence of a field pulse in the x-direction
(comparable to previous studies for hh/tt stripe domains of
equal widths'>??). The resting phase of SPBs is signified by
plateaus in the x(¢) data. The larger transport step was used
to determine the steady-state velocity of SPBs (averaged for
all SPBs residing in the same row) during one motion event
and the accompanying transport step distance. For doing so,
each larger step was placed into a x(¢) slice of 200 ms as
indicated by the red shaded areas in Fig. 4(b)-(d). A Gaussian
error function was used as an approximation for the x(¢) data

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Quantitative analysis of SPB motion dynamics in water above a magnetically patterned substrate with increasing stripe domain width.
Starting from the evolution of averaged lateral intensity profiles acquired from each recorded image frame during the experiment (a), three SPB
row trajectory snippets highlighted with white-framed rectangles were picked as examples for the identification of maximum particle velocity in
(b)-(d). Here, grey dashed lines indicate the times when an external magnetic field pulse was applied, i.e., the sign of the external field magnitude
was reversed for the respective direction. The period of the external magnetic field pulse sequence was chosen to be T = 0.8 s with pulse
magnitudes of poHzext = HoHxext = 1 MT to initiate SPB transport from left to right throughout all domain widths present in the underlying
substrate (no immobilization). Maximum SPB row motion velocities, as a measure for their averaged mobility, were determined for the transport
step initiated after changing the sign of the external field in z-direction. The red-marked areas for the exemplary trajectory data x(t) in (b)-(d) were
considered for the velocity calculation by fitting a Gaussian error function to the marked data (shown as red solid lines) and subsequently obtaining
the velocity as the maximum of the fit's time derivative. Each velocity is assigned a transport step distance Ax, which corresponds to the difference
between two consecutive plateaus in the trajectory data (see further explanation in the text). Plotting the obtained velocities as a function of the
respective transport distance for the two SPB row trajectories that contain the exemplary steps of (b)-(d), a decreasing tendency for the velocity
with larger transport steps (larger domain width) is observable (e).

during the transport step and therefore fitted to each slice. A slope within the Gaussian error fit function, the obtained
distribution of velocities over time v(tf) was retrieved by = maximum velocity can only be an approximation for the real
computing the derivative of the obtained fit function. The  steady-state velocity. This is taken into consideration for the
maximum V. of the distribution was chosen as a measure  error of the velocity, which was determined by averaging over
for the steady-state velocity of the respective SPB row. The  all values present above the full width at half maximum
steady-state velocity is governed by an equilibrium of (FWHM) of the obtained distribution and calculating the
magnetic and friction force, theoretically leading to trajectory  difference of this averaged velocity to vp.x (see Discussion
data of constant slope. As there are no regions of constant  section).
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Qualitative changes in v, can be made out when
comparing the trajectory snippets of Fig. 4(b)-(d), where
each snippet represents a different transport step distance.
The transport step distance was characterized as the
difference Ax between two adjacent x(f) plateaus. After
initiation of the larger transport step at ¢ = 100 ms, the next
plateau is reached after a few milliseconds for the exemplary
data shown in Fig. 4(b) and (c), indicating a comparably fast
SPB row motion. The transport step distance Ax is
increasing from (b) to (c), the steady-state velocity Vpax,
however, appears to decrease. This trend continues for the
exemplary data of Fig. 4(d) that represents SPB motion
above the substrate area with maximum DW separation
distance. Remarkably, the SPB row motion is induced with a
delay when compared to the previous transport steps,
starting around 110 ms instead of 100 ms (a physical
explanation is provided in the Discussion section). The
ensuing motion is visibly slower and also does not come to
a full stop before ¢ = 300 ms, where an external field pulse
in the x-direction is applied. This induces the smaller
transport step, which can be identified more clearly in
Fig. 4(b) and (c). In these instances, the SPB rows have
already come to rest above the adjacent DW position before
the initiation of the smaller step. For the step presented in
Fig. 4(d), the SPB row has not yet reached the position of
the adjacent DW. Determining Ax at this time would,
therefore, not reflect the corresponding separation distance
of neighboring DWs in the underlying substrate for this
particular transport step. The additional transformation of
the MFL by an applied pulse in the x-direction triggers
another acceleration phase for the SPB row. The SPBs finally
come to rest after around ¢ = 350 ms, marking the
approximate location of the adjacent DW and therefore
making it possible to quantify Ax for larger DW separation
distances. For the sake of comparability, v.x is determined
in this case only for the first induced motion phase, as
indicated in Fig. 4(d). Evaluating vp.. for every larger
transport step within the two selected SPB row trajectories
in dependence on the transport step distance Ax yields the
result shown in Fig. 4(e).

Data points measured for the first SPB row (starting at the
substrate area of lowest DW separation distance) are
represented by purple circles and data points measured for
the second SPB row (starting at the region of larger DW
separation distances) by green triangles. The color scale for
the data points indicates the transport step index, ie., the
occurrence of the transport step within the analyzed
trajectory. The lower the index, the earlier the transport step
was observed (typically at a lower DW separation distance).
The correlation between vy,.x and Ax reflects the qualitative
trend: with increasing transport distance of the SPBs (DW
separation distance), the steady-state velocity is lowered, from
over 140 um s~* for the lowest transport distances down to 20
um s " for the largest steps. It has to be noted that not all
transport steps within the two trajectories could be evaluated
for vmax due to insufficient fit quality. Therefore, some data
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points are missing, most prominently for the largest
transport distances, which, however, does not lessen the
clarity of the observed trend. It becomes even more evident
when looking at the steady-state velocities obtained from the
analysis of all visible SPB row trajectories shown in Fig. S2 in
the SI. In terms of SPB fractionation efficiency, the beads'
mobility is significantly decreased for larger domain widths
in the underlying substrate due to the lowered motion
velocity, leading to the observed oscillatory behavior for
smaller periods of the external field sequence. A physical
explanation for this correlation will be approached in the
Discussion section.

3.3 Fractionation of differently-sized beads

According to eqn (1), the magnetophoretic mobility of an MP
transported by magnetic field gradients within a liquid
environment is determined by its hydrodynamic radius and
magnetic moment, given that the properties of the liquid stay
constant. Therefore, we probed the fractionation of MP
species with  significantly different magnetophoretic
mobilities by observing a mixture of differently-sized SPBs in
the same experiment. Hence, an aqueous mixture of
Dynabeads MyOne (d = 1 pum) and Dynabeads M-270 (d = 2.8
um) was prepared and placed on top of the substrate with
varying magnetic stripe domain width covered by a 500 nm
thick PMMA layer.

To initiate the fractionation experiment, the majority of
all present SPBs were transported to the substrate area of
smallest stripe domain width, choosing the appropriate
external magnetic field sequence. The achieved distribution
of SPBs before the start of the experiment (¢ = 0 s) is shown
in Fig. 5(a). An averaged lateral intensity profile (brown-filled
curve) is included to highlight the position of SPB rows and
the number of SPBs per row. For this starting condition, SPBs
of all sizes are assembled in rows on top of the DWs in the
underlying substrate with an overall random distribution of d
=1 pum- and d = 2.8 um-sized beads within each row. A
sequence of external magnetic field pulses (#oHexe = 2 mT,
HoHyexe = 1 mT, T = 0.08 s) was applied, with the phase
relation between pulses in z- and x-direction defined so that
SPBs are moving from the left to the right through the field
of view. Due to the relatively short period of the applied
sequence, SPBs are traversing the imaged substrate area in
under one second, emphasized by the snapshot taken at ¢ =
0.56 s in Fig. 5(b). At this point, the differently-sized SPBs are
moving simultaneously and their spatial distribution is,
therefore, still statistically defined. This changes after a few
seconds: all SPBs are immobilized (oscillatory motion around
a DW position) with an observable separation of the two SPB
species at different substrate areas. The image shown in
Fig. 5(c) marks the end of the experiment at ¢ = 3.84 s and
highlights the final spatial distribution of the SPBs. While 1
um-sized beads are most prominently located at x-positions
between 40 pum and 100 pum, 2.8 um-sized beads reached
further across the substrate and were immobilized at

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Fractionation of differently-sized SPB populations on top of a magnetically stripe domain patterned substrate with increasing stripe width.
(a) All SPBs are assembled on the left edge of the microscope's field of view, resembling minimal stripe domain width in the underlying substrate.
(b) Upon application of an external magnetic field pulse sequence of constant frequency, all SPBs are transported to the right side of the field of
view. (c) After a short time, the SPBs are immobilized (oscillatory motion) at specific locations. Statistically, smaller SPBs (d = 1 um) are immobilized
earlier (at lower lateral x-position) than larger SPBs (d = 2.8 um). The two SPB populations were spatially separated into distinguishable fractions.
Averaged intensity profiles (brown-filled curves) indicate the lateral extent of each fraction above the substrate surface.

x-positions between 100 um and 150 um. Overall, Dynabeads
M-270 proved to have higher magnetophoretic mobility, as
known from literature,”* therefore being enabled to traverse
larger DW separation distances than Dynabeads MyOne.
Analogous to the previous observations for nominal equally
sized SPBs, all beads of one species are not immobilized
above one specific DW but are rather spread within an
immobilizing region. Judging from the peak heights within
the averaged lateral intensity profile shown in Fig. 5(c), which
correlate with the number of SPBs present within one specific
row, the majority of Dynabeads MyOne was immobilized at
90 um x-position and the majority of Dynabeads M-270 at
120 pm. Supposedly, the reason for the observed broad
distribution of SPBs lies within a statistical fluctuation of
bead characteristics around the nominal value. Typically,
commercially available batches of SPBs show some degree of
polydispersity. In addition, some areas of the substrate
consist of a repetition of 5 um and 10 um wide stripe
domains. Here, minor variations in the local effective
magnetic field and/or substrate surface properties might lead
to SPB immobilization above different DWs. On average,
however, the conducted proof-of-principle experiment
emphasizes the capability of our MFL (domain pattern)
design to create spatially separated fractions of MP species
with significantly differing magnetophoretic mobilities. The
fractions can be collected for further analysis by transporting
them simultaneously, while still being separated, via
magnetic field pulses with increased H, magnitude (see
results of Fig. 3(b)).

This journal is © The Royal Society of Chemistry 2026

4 Discussion

The observed immobilization of SPBs for larger DW
separation distances in the wunderlying magnetically
patterned substrate can be traced back to two physical
mechanisms. On the one hand, SPBs must traverse larger
distances when a transport step is induced, effectively
increasing the time fy., required for reaching the adjacent
DW position when assuming a constant average velocity. If
tstep 18 larger than a certain critical length of time ¢, SPBs
are more likely to slip back to their original position before
the initialization of the next transport step, therefore,
entering the so-called “phase-slipping” transport mode.*
Both the literature and our study highlight that the period T
of the external field sequence has a large impact on #.j. In
this work, we demonstrated that ¢y, can be deliberately
adjusted by the separation distance of artificial DWs
imprinted into an in-plane EB thin film system. As a result,
the transition from directed SPB transport (“phase-locked”
regime) to oscillating motion (“phase-slipping” regime) is a
function of SPB position at constant 7, i.e., constant f.;. On
the other hand, the motion velocity of same-sized SPBs is not
independent of the DW separation distance, as the
quantitative investigation shown in Fig. 4 and S2 in the SI
has demonstrated. Larger DW separation distances lead to
lower maximum SPB velocities after the application of an
external z-field pulse. This further contributes to an increased
tstep and a higher probability for an SPB to switch to the
“phase-slipping” regime. The observed trend itself is very
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likely to originate either from a decreasing accelerating
magnetic force or an increasing decelerating friction force.
For assessing the magnetic force, the simulated static MFL
on top of the substrate displayed in Fig. 1(f and g) will be
considered. Starting at a domain width of 1 pum and
increasing the width gradually until 5 pm, the results suggest
an increasing stray field strength on top of the respective
DWs. As an SPB's magnetic moment is proportional to the
applied magnetic field strength, this would mean an
increasing magnetic force with larger domain width, which
seems to contradict the experimental observation. It does,
however, provide a possible explanation for the delay in
motion initialization observed for larger stripe domain
widths (see Fig. 4(d)). With increasing magnetic attraction
towards the underlying polymer surface, SPBs might get close
enough for attractive van der Waals interactions to become
more influential. In this case, the observed delay could be
caused by an initial adherence of the SPBs to the polymer
surface, eventually overcome by the magnetic force pushing
the particles to the next DW location. What has not been
considered at this point is the magnetic field gradient,
determining the acting magnetic force together with the
SPBs' magnetic moments. Confining the stray fields in a
smaller volume (smaller DW separation distance) may lead to
an increased field gradient and, in turn, an increasing
magnetic force. This tendency could, however, be balanced
out by the lower field strength for the smallest domain
widths.

Finally, we may consider different hydrodynamic drag
situations in dependence on the respective DW separation
distance. For the smallest stripe domain width, where the
stray field strength is the lowest, SPBs are expected to exhibit
an increased separation distance from the underlying
substrate surface due to lessened magnetic attraction. The
friction force for a spherical particle moving close to a flat
surface inside a fluid is, among others, a function of a
z-position-dependent friction coefficient.** The correlation is
hereby anti-proportional: with increasing distance z from the
surface, the friction coefficient is decreased. The resulting
reduced drag may partially explain the observed larger SPB
motion velocities for the smallest transport step distances.

It was generally observed that for the chosen domain
pattern design and a period T = 0.4 s for the sequence of 1
mT strong magnetic field pulses, most of 2.8 pm-sized SPBs
were immobilized at a DW position between 9 pm and 9.5
um wide stripe domains. As visible from Fig. 2(c) and 3(a),
this is not true for all initially transported SPBs; some get
immobilized at larger or lower DW separation distances, and
a few even don't get immobilized at all. This reflects the
spread of magnetophoretic mobility within a single badge of
nominally equal-sized particles, as can also be deduced from
the SPB fractionation experiment of Fig. 5. Grob et al. point
out that judging from their experiments conducted to
determine the magnetic susceptibility of commercially-
available SPBs via measuring their magnetophoretic mobility
in a constant gradient field, this spread may only be due to
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variations in the SPBs' magnetic content.*" The size variation
of <3%, as claimed by the manufacturer, was confirmed by
Grob et al. with structural measurements,”’ rendering its
influence on the spread of magnetophoretic mobility as
insignificantly small. The distribution of magnetic
susceptibility for the utilized SPBs (Dynabeads M-270) is, for
now, not known to us. Acquiring exact knowledge on the
magnetic stray field distribution above the magnetically
patterned substrate with future measurements, one could
determine the distribution of SPBs' magnetic susceptibility
within one particle badge by precisely calculating the
magnetic force acting on the SPBs.

Our MFL design is demonstrated to enable sorting of SPBs
by their mobility, so that subsequent bio-detection steps are
inducible using SPBs of a defined mobility. For the practical
realization of this sorting routine, the experiments have shed
light on the impact of interparticle interactions. For the particle
concentration used in the experiments presented in Fig. 2 and 3
of ca. 11000 particles per pL, not all initially mobile SPBs could
be transported back into the opposite direction after
immobilization (see highlighted single SPBs in Fig. 2). The
reason for this can be traced back to the interaction of an
immobilized SPB with an incoming, movable SPB: the incoming
bead may push the immobilized bead to an adjacent DW
position with an even larger domain stripe width before the
incoming bead itself eventually gets immobilized. As a result,
the pushed bead may not be able to travel back into the
opposite direction, as its transport step distance into the
opposite direction is now larger than the transport step distance
before the collision with the incoming bead. Conversely, SPBs
may regain their mobility due to collision with approaching
SPBs, which is occasionally observable in the intensity map of
Fig. 3(a). This collision effect pronounces that the SPB
concentration is another important factor for the fractionation
efficiency when using specifically designed MFLs. This was
verified by experimenting with a dramatically increased SPB
concentration, where a large fraction of mobile beads was
formed when using the same parameters for the external
magnetic field sequence. Doing a simple calculation (see section
S3 in the SI for details) based on particle size, minimum
distance between single particles, and the extension of
magnetophoretic separation areas on the substrate, we estimate
a maximum Dynabeads M-270 concentration of ca. 1150
particles per pL for the here presented system to provide
efficient SPB separation that is not influenced by particle
collisions. Besides SPB concentration, slight fabrication-related
deviations in the magnetic stray field landscape, the thickness
of the deposited polymer spacer layer, or the homogeneity of
the externally applied fields can cause different transport
characteristics as well. However, by actuating several hundred
particles per separation area simultaneously, the results
presented in this work have a large statistical significance. The
SPB fractionation is reproducible (especially the immobilization
behavior for single SPBs not colliding with other particles) and
can be improved by optimizing the magnetic domain pattern
design as well as the particle concentration.

This journal is © The Royal Society of Chemistry 2026
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5 Conclusion

Parallel-stripe domains of gradually varied stripe width were
imprinted into an EB thin film substrate to engineer a
magnetic stray field landscape for the controlled spatial
fractionation of liquid-dispersed SPBs transported close to
the substrate surface. Ion bombardment induced magnetic
patterning was employed to fabricate a hh/tt alternating
magnetization configuration within the stripe domains, with
the stripe width being periodically increased and decreased
between 1.2 um and 10 pm. The resulting MFL on top of the
substrate leads to the capture and a stepwise, unidirectional
transport of water-dispersed SPBs upon external application
of a sequence of trapezoidal magnetic field pulses. SPBs with
a diameter of 2.8 um were observed using an optical
brightfield microscope to assemble in vertical rows on top of
DW positions in the wunderlying substrate. Thus, the
horizontal distance between adjacent SPB rows is locally
different due to the gradually varied DW separation distance.
Accordingly, the DW separation distance defines the
transport step distance for one particular SPB row. Reaching
the location of largest stripe domain width, SPBs transitioned
to an oscillatory motion for a given configuration of external
field pulses, resulting in their effective immobilization.
Therefore, the SPB motion behavior is a function of lateral
position, presuming a fixed frequency for the external field
sequence. This is a significant advancement compared to
established works, where the frequency of the external time-
varying field needs to be tuned to initiate a transition from
mobile to immobile SPBs. The locally different SPB motion
regimes for our MFL design can be attributed to the lateral
change in the transport step distance itself, as well as an
observed decrease in SPB steady-state motion velocity with
increasing transport step distance. While observing a spatial
fractionation of nominally equal-sized SPBs due to statistical
variations in their magnetophoretic mobility, a proof-of-
concept experiment was finally conducted to deterministically
fractionize SPBs of significantly different sizes. For this, a
mixture of SPBs with diameters of 1.0 um and 2.8 um was
placed on top of the substrate and all SPBs were transported
to the largest stripe domains via an external field sequence of
fixed frequency. After merely 3 s, all SPBs performed
oscillatory motion but with a clear spatial distinction
between 1.0 um- and 2.8 pm-sized SPBs. Smaller SPBs were,
on average, immobilized earlier (at smaller DW separation
distance) than larger SPBs, leading to a significant spatial
fractionation of both species. For collecting these particle
fractions, a microfluidic channel structure can be integrated
on top of the substrate surface. These channels would be
placed parallel to the y-direction of the system (parallel to the
stripe domain long axis), allowing for an externally applied
fluid flow to push the separated SPB fractions into these
channels and carry on with subsequent processes.
Alternatively, the magnetic domain pattern may be modified
to realize SPB transport in the y-direction as well, requiring a
more intricate fabrication procedure.

This journal is © The Royal Society of Chemistry 2026
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Since the pattern of sequentially increasing/decreasing
stripe domain width is periodically repeated throughout the
whole substrate, the fractionation is parallelized for all on-
chip present SPBs. This result may pave the way for high-
throughput and time-efficient fractionation of magnetic
particle species as a function of properties that are more
difficult to disentangle, for instance, their surface
characteristics. Since particles are transported in the vicinity
of the substrate surface for our investigated system, changes
in the surface properties lead to variations in the substrate
surface-particle surface interaction. This, in turn, influences
the separation distance between the two surfaces with an
expected impact on the particle magnetophoretic mobility,
e.g., via the modified friction situation. Optimizing the MFL
design for this functionality is one of our future tasks,
rendering purpose-oriented MFLs as promising tools for the

practical implementation of magnetic particle sorting
routines in LOC devices.
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