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Abstract We demonstrate controlled transport of super-

paramagnetic beads in the opposite direction of a laminar

flow. A permanent magnet assembles 200 nm magnetic

particles into about 200 lm long bead chains that are

aligned in parallel to the magnetic field lines. Due to a

magnetic field gradient, the bead chains are attracted

towards the wall of a microfluidic channel. A rotation of

the permanent magnet results in a rotation of the bead

chains in the opposite direction to the magnet. Due to

friction on the surface, the bead chains roll along the

channel wall, even in counter-flow direction, up to at a

maximum counter-flow velocity of 8 mm s-1. Based on

this approach, magnetic beads can be accurately manoeu-

vred within microfluidic channels. This counter-flow

motion can be efficiently be used in Lab-on-a-Chip sys-

tems, e.g. for implementing washing steps in DNA

purification.

Keywords Magnetic beads � Lab-on-a-chip � Transport �
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1 Introduction

Recently, superparamagnetic beads have gained a lot of

interest in Lab-on-a-Chip applications. The simple actua-

tion principle with on-chip or off-chip generated magnetic

fields makes magnetic beads an easy-to-handle universal

tool for assay implementation (Pamme 2006).

Assays are typically implemented as sequential combi-

nations of basic building blocks also known as microfluidic

unit operations such as liquid transport, mixing, valving

etc. (Haeberle and Zengerle 2007; Mark et al. 2010). Some

of those unit operations have already been demonstrated

using magnetic beads. Micropumps (Hatch et al. 2001;

Terray et al. 2002) have been reported as well as micr-

ovalves (Terray et al. 2002; Satarkar and Hilt 2008). In

hydrophobic environment, the magnetic beads can be uti-

lised to move aqueous droplets (Egatz-Gomez et al. 2006),

e.g. for nucleic acid extraction (Lehmann et al. 2006) or

PCR (Ohashi et al. 2007).

With appropriate modifications on the bead surface,

beads can be regarded as a moveable solid-phase carrier.

This way microfluidic chips can be specifically function-

alised on demand by immobilizing the beads at well-

defined locations using strong magnetic fields. This

approach is mainly applied for immunoassays (Furlani

et al. 2007; Lacharme et al. 2008).

When exposed to an external magnetic field, the beads

align and form chains along the field lines. To stabilize the

chains but also add flexibility, beads covered with strep-

tavidin can be linked via dibiotin-modified ds-DNA. Using

a sinusoidal transverse field, a beating motion of the chains

can be induced comparable to the motion of flagella in

nature (Dreyfus et al. 2005).

By rotating the magnetic field, the beads start to rotate as

well within the microfluidic chip. Rotating chains of beads
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can be used for mixing (Petousis et al. 2007; Lee et al.

2009; Franke et al. 2009) and for propulsion (Tierno et al.

2008) in the vicinity of a solid surface.

Very recently, such chains of magnetic beads have been

used to induce flow in microfluidic environments. The

rotating external magnetic field generated a rolling motion

of the bead chains close to the channel surface (Sing et al.

2010). Due to the no-slip condition at the surface, the bead

chains caused the surrounding fluid to flow in a predefined

direction. This surface-induced flow was used to transport

vesicles.

In this article, we demonstrate that this rolling motion

can be used for controlled movement of the magnetic beads

within a microfluidic channel (Fig. 1). In comparison to

other approaches with electromagnets on planar glass sur-

faces with magnetic films and in the absence of fluidic flow

(Morimoto et al. 2008), we use a single rotating permanent

magnet to generate the rotating magnetic field. Further-

more, this single magnet at the same time provides the field

gradient required to attract the beads towards the channel

wall.

2 Materials and methods

2.1 Chip production

The structure of the microfluidic channel was designed

with CAD software. The standard channel dimensions were

set to a depth of 210 lm and a width of 300 lm. Using a

300 lm milling head (F126.0030, GIS Gienger Industrie-

Service, Zurich, Switzerland) together with a precision

milling machine (Minitech Machinery Corporation, Nor-

cross, Georgia 30092, USA) the microfluidic channels were

milled into a polycarbonate substrate (blank DVD, Sono-

press GmbH, Gütersloh, Germany). After cleaning with DI

water as well as isopropanol and drying with nitrogen the

chip was sealed with adhesive foil (676070, Greiner

Bio-One GmbH, Frickenhausen, Germany).

2.2 Fluidic set-up

The superparamagnetic beads with a diameter of 200 nm

were taken from a commercially available DNA extraction

kit (ajInnuscreen, Berlin, Germany). The stock solution of

magnetic beads was diluted 200-fold to 0.5% in elution

buffer provided with the kit. This dilution was chosen since

it offers the best conditions for observing and analysing the

movement of the bead chains: As only very few bead

chains form at lower concentrations, the time between bead

chains passing the observation window increases whereas

at higher densities too many chains populating the obser-

vation window prevent the analysis of the movement of

individual chains.

The magnetic beads were filled into glass syringes (1001

TLL, Hamilton, Bonaduz, Switzerland) and injected into

the chip using a precision syringe pump (neMESYS, Ce-

toni, Korbußen, Germany) for defined constant flow rates.

2.3 Generating the rotating magnetic field

A NdFeB permanent magnet (Q-19-13-06-LN,

19.1 9 12.7 9 6.4 mm3, Webcraft, Uster, Switzerland)

was used to actuate the magnetic beads. The magnet was

mounted onto a stepper motor (Nanotec, Landsham, Ger-

many) to generate rotary motion of the magnet and thus a

rotating magnetic field. With a computer programme

written in Visual Basic a TMCM-303 stepper motor con-

troller (Trinamic, Hamburg, Germany) defined the rota-

tional frequency of the permanent magnet. The magnet was

positioned directly underneath the microfluidic chip so that

the distance from its tip to the inner channel wall was

5 mm throughout the test section. The magnetic flux den-

sity at this distance from the tip of the magnet is

B~¼ 43 mT

with a gradient of

rBj j ¼ 11:6
T

m
:

2.4 Measurement of bead movement

The movement of the magnetic bead chains has been

recorded with a high speed camera (pco.1200s b/w, PCO

AG, Kehlheim, Germany). The video clips were then

Fig. 1 Schematic of the experimental set-up. A rotating permanent

magnet attracts the magnetic beads towards the inner channel wall.

The movement of the magnetic beads is observed in a section of the

microfluidic channel that is circularly arranged around the permanent

magnet. The bead chains roll along the microchannel
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analyzed for bead chain velocity inside the microfluidic

channels.

If the magnetic beads are diluted enough to form single

bead chains within the microfluidic channels then they can

be tracked easily throughout consecutive frames of the

video clip. The change in location together with the frame

rate yields the velocity of the magnetic bead chains.

3 Results and discussion

Under the influence of the strong magnetic field of the off-

chip permanent magnet, the magnetic beads align along the

field lines and form flagella-like chains (Fig. 2). When

rotating the permanent magnet the magnetic field rotates as

well. At the location of the bead chains this causes the field

lines to turn. The bead chains follow the field lines and

accordingly also start to rotate.

Due to the field gradient of the permanent magnet, the

magnetic bead chains are attracted towards the inner

channel wall facing the magnet. The microfluidic channel

is designed circularly along the magnet tip trajectory to

ensure that the magnetic force vector always points per-

pendicularly to the channel wall (towards the centre).

In consequence of the magnet rotation, the bead chains

roll on the channel wall. As they are trapped on their

supporting point at the channel wall the magnetic bead

chains ‘walk’ along the channel wall (Figs. 2, 3a).

To determine the velocity of the magnetic beads inside

the microfluidic channels, four individual bead chains were

tracked for each fluid flow condition over the time period

of two complete rotations. The beads were tracked with no

flow applied as well as under several co-flow and counter-

flow conditions and different rotational frequencies of the

permanent magnet. The bead chain velocity depends on the

length of the chains since long chains move over a larger

distance per cycle compared to short chains. Therefore,

only bead chains of about 200 lm in length have been

Fig. 2 Illustration of the magnetic bead chain movement in a

periodically varying magnetic field induced by a rotating permanent

magnet (f = 0.25 Hz). The magnetic beads align to form flagella-like

chains along the magnetic field lines. As the magnetic field rotates,

the chains follow the magnetic field lines due to a torque M
!

resulting

in a rotation in the opposite direction

Fig. 3 a Instantaneous images of the bead movement. Rotational

frequency of the magnet was set to 0.25 Hz. Left When no flow is

applied the bead chains move along the channel wall. The step size

(distance moved in one 180� turn) corresponds to the length of the

bead chain. Right At a counter-flow velocity of -7.9 mm s-1 the

beads remain at their position. b Schematic illustration of the bead

movement at counter-flow conditions. During the phase depicted in

(3) the bead chain detaches from the channel wall
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selected for the evaluation out of a population containing

chains ranging from 50 to 300 lm.

Data depicted in Fig. 4 clearly indicate a linear rela-

tionship between the rotational frequency of the permanent

magnet and the velocity of the bead chains. When doubling

the rotational frequency, the beads move twice as fast. This

result can be explained as the bead chains rotate with the

same frequency as the magnet. Therefore, at higher fre-

quencies they perform more steps per time interval and

thus move faster.

Even at rotational frequencies up to 10 Hz of the magnet

and thus the magnetic field, the bead chains follow the field

lines rotating at the same rotational frequency. Interest-

ingly, in contrast to Sing et al. (2010) we did not observe a

break-up of the bead chains. This might be due to the

difference in nature of the beads chains: Sing et al. (2010)

uses chains comprising only few individual beads. Our

chains on the other hand consist of several thousand of

beads agglomerated to a large chain.

Furthermore, the bead chain velocity also depends on

the applied flow rate. In this case, the movement of the

beads is not only generated by friction on the channel wall

but also by fluidic drag. The bead chains move faster when

the magnetically induced motion and the fluid flow are

parallel. When the two acting forces are opposing each

other the beads slow down at low counter-flow rates until

they remain at their location for a mean flow velocity of

about / = -8.0 mm s-1, corresponding to a flow rate of

-0.5 ll s-1 (Fig. 3a). For higher counterflow velocities,

the beads are dragged downstream with the flow. Conse-

quently, for flow velocities in the range of -8.0 \ /
\ 0 mm s-1 the magnetic beads can be manoeuvred in the

opposite direction to the fluid flow.

The transport of the magnetic beads by fluid flow is

schematically depicted in Fig. 3b. Usually, the bead chains

are carried away when they are inclined against the flow

direction (see Fig. 3a right between 400 and 800 ms) as the

fluidic drag lowers the traction at the supporting point. The

chains detach from the wall and continue to rotate. As soon

as they are oriented parallel to the flow direction, the shear-

induced lift force vanishes, and the magnetic force causes

the chain to re-attach to the channel wall. Primarily, whilst

the bead chains are detached, they are carried downstream

by the fluid flow because of the lack of any friction force.

Only very rarely they are shifted in position during other

phases of the rotational movement.

A quantitative analysis of the involved forces is beyond

the scope of this article since the complex interaction of

fluidic drag and magnetic force change dynamically with

the rotation of the bead chains.

Although the laminar flow profile is nonlinear (para-

bolic), the total force or the torque acting on the bead

chains should scale linearly with varying mean velocity.

The linear fits in Fig. 4 support a linear relationship

between the bead velocity and the applied flow velocity

(with an offset of -8.0 mm s-1). Hence, the parabolic flow

profile seems to have no influence on the movement of the

bead chains. The bead velocity is, therefore, determined by

only two parameters; the rotational frequency of the mag-

netic field and the mean velocity of the surrounding fluid in

which the magnetic beads are suspended.

The roughness of the channel walls resulting from the

milling process is mainly responsible for the deviation

from the mean values in bead chain motion. As the surface

roughness directly influences the friction between the

magnetic beads and the channel wall, error bars grow with

the fluid velocity.

4 Conclusions

In this study, we presented a simple approach for controlled

transport of superparamagnetic beads inside microfluidic

channels. A rotating magnetic field generated by a rotating

permanent magnet induces the rotation of magnetic bead

chains which ‘walk’ along the walls of microfluidic chan-

nels. This was possible even for a counter-flow arrange-

ment with a mean liquid velocity of up to -8.0 mm s-1.

The use of this method within a real world biological assay

implementation such as continuous DNA extraction has

been shown in (Karle et al. 2010). Furthermore, the

walking bead chains enable a wide range of other

Fig. 4 Mean velocity of the bead chains versus mean velocity of the

applied flow at different rotational frequencies of the permanent

magnet. Each point represents the mean value of four independent

bead chains of about 200 lm in length that have been tracked for two

complete rotations (error bars indicate the standard deviation). The

mean bead velocity depends linearly on the rotational frequency of

the magnet. Under the experimental conditions, the bead chains could

withstand and even move against a counter-flow velocity of up to

-8.0 mm s-1 irrespective of the velocity of the magnet
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applications from transport to positioning of the target

molecules or cells.
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