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We present a simple technique for creating an on-chip magnetic particle conveyor
based on exchange-biased permalloy microstripes. The particle transportation relies on
an array of stripes with a spacing smaller than their width in conjunction with a
periodic sequence of four different externally applied magnetic fields. We demonstrate
the controlled transportation of a large population of particles over several millimeters
of distance as well as the spatial separation of two populations of magnetic particles
with different magnetophoretic mobilities. The technique can be used for the
controlled selective manipulation and separation of magnetically labelled species.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4704520]

The selective manipulation of bioparticles in lab-on-a-chip systems is attracting a large in-
terest due to the need to focus and separate target bioentities."> Devices based on dielectropho-
resis, which rely on locally generated electrical fields, have been promoted for, e.g., selective
focusing,® filtering,* and travelling wave transportation® of bioparticles in a liquid flow. The
size separation of micron sized particles has also recently been demonstrated.® These devices,
generally label-free, rely on integrated electrodes and put requirements on the ionic content of
the sample liquid, a condition that can limit the range of compatible biological entities."

Devices for bioparticle manipulation by magnetic forces generated by external magnetic
structures or by on-chip magnetic structures in combination with externally applied magnetic
fields have recently emerged for flow-sorting or for manipulation of particles in a stagnant solu-
tion.? These methodologies are not sensitive to the sample chemistry and do not require electri-
cal contacts to the chip. However, they are not label-free as the target bioparticles have to be
magnetically labelled. Devices based on magnetic manipulation are attractive due to the gener-
ally lower complexity of the chip and the chip packaging, their low requirements for the sample
chemistry and due to the potentially infinite separation efficiency when magnetically labelled
species are separated from unlabelled non-magnetic species.

In the literature, the precise manipulation of a limited number of magnetically tagged bio-
molecules and cells on the nanometer scale has been demonstrated by the controlled injection
and motion of domain walls in soft magnetic micro- and nanowires.”® The magnetic transporta-
tion of a larger quantity of particles has been demonstrated by use of periodic arrays of soft
magnetic ellipsoids”'® and of hard magnetic circular disks.'''? The latter authors have also
studied the particle transportation as function of the frequency f of the harmonically varying
applied magnetic field and have demonstrated theoretically and experimentally that a particle
will not be transported when f exceeds a critical value that depends on the magnetic moment
and the hydrodynamic size of the particle.'' The manipulation of particles using the controlled
motion in domain walls in continuous magnetic thin films has also been demonstrated for
bismuth-substituted ferrite garnet films'® and for exchange-biased thin films magnetically pat-
terned into parallel stripes by ion irradiation,'* but these studies did not demonstrate a selective
particle manipulation.

In this paper, we present and demonstrate a new technique for creating an on-chip con-
veyor for magnetic particles using exchange-biased permalloy microstripes produced with a sin-
gle lift-off step. A moving, spatially periodic potential energy landscape, capable of transporting
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magnetic particles is created by choosing a distance between the stripes smaller than their width
and by applying an appropriate sequence of external magnetic fields. A large population of
magnetic particles can then be moved in a controlled fashion without the requirement of any
liquid flow. This approach differs from the methods relying on domain wall motion in continu-
ous films presented above, as it relies on a fixed magnetic domain geometry defined by the
stripe geometry, and as it requires neither exotic materials such as the ferrite garnet films'? nor
the creation of artificial antiparallel domains through ion-irradiation.'"* The device presented
here requires only a simple structuring by lift-off or etching of a standard thin film material,
which can be deposited on any substrate. In addition to the transportation of a single species of
magnetic particles, we show that the device can be used to separate at least two populations of
magnetic particles with different magnetophoretic mobilities. This technique has the advantage
over periodic arrays of circular or ellipsoidal microstructures that all particles have the same
initial conditions, as the magnetic energy does not vary along the y-direction. This can poten-
tially improve the separation efficiency and furthermore, as we will show, it reduces clustering
of the magnetic particles due to magnetic interactions.

Figure 1(a) shows a top view schematic of the device. A series of exchange-biased permal-
loy stripes 6 mm long and 10 um wide with a separation of 2.5 um (giving a stripe period of
P =12.5 um) have been patterned on a Si/SiO, surface. The stack with the nominal composi-
tion Ta(5)/NiggFe,0(20)/Ir0Mngo(20)/Ta(5) (thicknesses in nm) was sputtered in a K. J. Lesker
Co. model CMS 18 magnetron sputtering system and defined by lift-off. During deposition, a
magnetic flux density of 20 mT was applied in order to define an easy magnetization direction
of the NiggFe,o layer in the negative x-direction. Subsequently, a protective coating of SiO,
with a thickness of 100 nm was sputter deposited to prevent corrosion of the stripes. Figure
1(b) shows the easy axis hysteresis loop measured on a patterned device using a LakeShore
model 7407 vibrating sample magnetometer. The exchange bias field obtained from the hystere-
sis loop is poHex = —5.5 mT, where p is the permeability of free space and the negative sign
reflects a preferred magnetization direction along the negative x-direction. For the experiments
with magnetic beads, the chip was mounted in a cavity in a microfluidic chamber formed by
laser ablation in a polymethylmethacrylate (PMMA) plate. Subsequently, a microscope slide
cover slip lid was attached using double-adhesive tape. The device parts are illustrated in
Fig. 1(c), while their assembly is sketched in Fig. 1(d). During experiments, the system
was placed in a home built electromagnet that could provide magnetic fields in the x- and
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FIG. 1. (a) Schematic of the device indicating the relevant geometric dimensions. (b) Magnetic hysteresis loop on the pat-
terned sample measured along the x-direction. (c) The chip (IIT) with the chip holder (IV), the adhesive tape (II) and the
glass lid (I) prior to assembly of the microfluidic system. (d) Schematic of the assembly of parts (I)-(IV) of the fluidic sys-
tem (enhanced online). Video M1 [URL: http://dx.doi.org/10.1063/1.4704520.1]
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z-directions. Movies were recorded using a Leica MZ FLIII stereo microscope equipped with a
Sony DFW-X710 camera.

Figure 2 illustrates a method capable of reversibly transporting magnetic particles from one
stripe to the other by changing the applied field in the y-plane in four steps.

The force experienced by a magnetic particle in a magnetic field can be expressed as'’

F = uVy(H- V)H, ey

where V is the volume of the magnetic particle, y is the effective magnetic particle susceptibil-
ity, and H is the magnetic field in the absence of the particle. For a particle with uniform sus-
ceptibility, we can use the identity (H-V)H =JVH? and F = —VU, where U is the potential
magnetic energy of the particle, to write

1
U=-— 5 oV yH?. 2)

By choosing a proper sequence of applied external magnetic fields, it is possible to shift the
energy minimum for a magnetic particle and hence to shift its position to create an effective
particle transportation. The top row of Fig. 2 shows the normalized energy U/(Vy) calculated
using Eq. (2) at a distance of 1 um from the substrate for NiggFe,( stripes having the same geo-
metrical dimensions as the real sample with a magnetization poM, = —1.1 T. These curves were
obtained using comsoL MULTIPHYSICS (COMSOL A/S, www.comsol.com). When no external field
is applied, the stripes present equally attractive magnetic poles on both sides. When a positive
magnetic field H,,,, is applied in the z-direction, the potential energy landscape shows a mini-
mum near the North pole and a maximum near the South pole of each stripe where the stray
field from the stripe is parallel and antiparallel to the applied field, respectively. Accordingly,
the particles will position themselves on one side of the stripes, as shown in Fig. 2(a) where
the curve has been calculated for poH,p,. =5 mT. Applying an additional field in the positive
x-direction, i.e., parallel to the stray field over the middle of the stripe, shifts the energy mini-
mum toward the centre of each stripe as shown in Fig. 2(b) calculated for poH,pp,=2.5 mT
and poH,pp x =5 mT. Reversing the sign of pigH,pp . the minimum shifts toward the other side
of each stripe (Fig. 2(c)) and when poH,pp« is removed, the minimum is localized near the
South pole of the stripe (Fig. 2(d)). When the initial field configuration is restored, the particles
move toward the nearest North pole, which is now the one of the next stripe, as shown in Fig.
2(e)). The particle motion can then continue toward the positive x-direction by repeating the
sequence. The particle motion can also be reversed by reversing the field sequence.

The images on the bottom row of Fig. 2 show magnetic particles positioned on the stripes
in the same field configurations as those simulated. The images show particles in the positions
corresponding to the calculated energy minima and hence validate the calculations. In these
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FIG. 2. The top row shows the normalized energy calculated using COMSOL at a distance of 1 um from the substrate over a
single stripe surface for (uoH,ppx [MT], poH4pp . [MT]) = (0, 2.5), (5, 2.5), (5, —2.5), (0, —2.5) and (0, 2.5) in parts (a)—(e),
respectively. The bottom row shows the corresponding experimental images (enhanced online). Video M2 [URL: http://
dx.doi.org/10.1063/1.4704520.2]
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experiments, a dilute suspension of 1.05 um magnetic beads (Carboxyl Magnetic Particles,
Spherotec, Inc., Lake Forest, IL, USA) was injected in the fluidic system, and a field of 7 mT
was initially applied along the negative x-direction to enhance the trapping of the beads
between the stripes. Then, by manually stepping through the field sequence, the magnetic beads
were transported along the stripes (see video M1). As can be observed from the experimental
data, clustering of magnetic beads is minimized, because the beads are localized along a line
oriented along the stripes and magnetized perpendicular to the stripes so they repel each other
by magnetic dipole interactions.

The velocity Av of a magnetic particle relative to the carrier fluid under the action of a
magnetic field gradient can be expressed as'*

Av = oV (H?), 3)
with the magnetophoretic mobility
Vi
&= —, 4
T 12anry, @)

where 7, is the hydrodynamic radius of the particle, 1 is the viscosity of the medium, and we
have assumed Stokes drag and that the medium is non-magnetic. For a magnetic bead, where
the hydrodynamic radius is identical to the magnetic radius r, Eq. (4) simplifies to

2

rx
= —. 5
ébead 917 ( )

For a long period (low frequency) of the external field sequence the energy potential moves
slower than Av, and the particles will move with the potential energy minimum. At a frequency
above a threshold value defined by the magnetophoretic mobility, the particles move too slowly
to follow the potential energy minimum and will not be able to transfer between the stripes.
Thus, a translating energy potential can be used for separating particles with different magneto-
phoretic mobilities as proposed by Yellen ez al."'

To demonstrate the ability to separate particles with different magnetophoretic mobilities,
we carried out experiments with two different bead types: carboxylic acid coated M-280 beads
with a diameter of 2.8 um and streptavidin coated MyOne beads with a diameter of 1 um both
from Invitrogen A/S. Using the measured low-field effective magnetic bead susceptibilities
from Ref. 16 in Eq. (5), we find that the magnetophoretic mobility of the M-280 beads is about
four times that of the MyOne beads. This implies that the M-280 beads will move at about four
times the speed of the MyOne beads when driven by the same field gradient. In the experi-
ments, we injected a mixed suspension with identical mass concentrations of the two bead types
into the fluidic system. To reduce the non-magnetic interactions between the beads and the sur-
face, we followed the protocol described in Ref. 7. After bead injection, we applied the previ-
ously presented sequence of fields where each step in the field sequence had a duration of #
and studied the bead transportation as function of #. We define the maximum transport velocity
for a certain bead type as the maximum value for which at least 75% of the beads optically
monitored in a 500 um x 500 um area can follow the translating potential. When #; was lower
than about 80 ms, the majority of both bead types could not follow the energy minimum and
oscillated back and forth on a single stripe.

In a sequence of experiments, we measured maximum net transportation velocities v, = P/
(4t;) of (40 £4) um/s for the M-280 beads and (12 = 3) um/s for the MyOne beads. These
results are in agreement with the ratio of four between the magnetophoretic mobilities of the
two bead types. These velocities can be further increased by optimization of the field sequence
and its timing.

Figures 3(a) and 3(b) show a part of two frames from the video M2 that demonstrate the
selective transportation of M-280 and MyOne beads. In the first frame (Fig. 3(a)), both beads
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FIG. 3. Parts (a) and (b) show two frames from the video M2 corresponding to steps (a) and (d) in Fig. 2 for M-280 and
MyOne beads with 7y = 180 ms. Only the M-280 beads are able to cross the stripe (light color). (c) Sequence of frames from
the video M3 where a field sequence with #;= 140 ms is applied. The M-280 beads are translated in the negative x-direc-
tion, whereas the MyOne beads (small dots mainly visible on the left side) are left behind (enhanced online). Video M3
[URL: http://dx.doi.org/10.1063/1.4704520.3]

type are trapped at the stripe side by a positive field H,,, ,. After the four field steps correspond-
ing to Figs. 2(a)-2(d) with t; =180 ms, the M-280 beads reach the other side of the stripe,
whereas the MyOne beads are still close to the center of the stripe (see Fig. 3(b)). When the sign
of H,pp, is teversed, corresponding to Fig. 2(e), the MyOne beads are translated back to their
starting position, whereas the M-280 beads will be further transported to the next stripe in the
subsequent field step.

Figure 3(c) and video M3 show a sequence of frames where a large amount of M-280 and
the MyOne beads are separated using the exchange-biased stripe device. Prior to acquisition of
the shown images, the beads were transported towards the right in Fig. 3(c) for a number of
cycles using t; =300 ms. When beads reached the last stripe, they oscillated back and forth
between the two sides of the stripe. The sequence of frames in Fig. 3(c) and the supplementary
video M3 show the behaviour after the field sequence is reversed and # is reduced to 140 ms.
This value corresponds to v, &~ 20 um/s, which is above the maximum bead velocity for the
MyOne beads but well below the maximum velocity of the M-280 beads. Hence, most of the
MyOne beads are unable to follow the translating energy minima and are left behind while
almost all of the M-280 beads are being transported. During the transportation, the band corre-
sponding to the M-280 beads slightly expands due to variations in the magnetophoretic mobility
of the beads and/or non-magnetic interaction with the substrate.

In conclusion, the described device works as a microscopic conveyor for the controlled
transport of a large amount of magnetic particles for up to mm distances. The presented struc-
tures impose identical initial conditions for the particles as they line up along the two-
dimensional energy minimum. Hence, they allow for the separation of a larger number of par-
ticles per unit area than when using, e.g., periodic magnetic microstructures of circular shape.''
The external field also reduces the formation of clusters of magnetic particles which is critical
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for analysis, as particle clusters have larger magnetophoretic mobilities than the individual par-
ticles. The device can be used to separate magnetically labelled species from non-magnetic un-
labelled species. It can also be used for the controlled transportation and mixing of biological
and/or chemical species bound to magnetic particles without the need of fluid convection. Sepa-
ration, for example, can be carried out as follows: First, a value of #; is chosen above the
threshold for transportation of beads that are not attached to the cells but below the threshold
for transportation of beads that are attached to the cells. This will make it possible to remove
all beads that are not bound to the cells. Subsequently, a higher value of # for which beads
attached to the cells are transported can be chosen and the beads with cells are transported and
collected. We envision the development of “magnetic chromatography,” where different biolog-
ical species labelled with particles having different magnetophoretic mobilities are separated in
different areas of the device.
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