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Abstract

The use of a dipole magnetic field on particle separa-
tion in a microfluidic channel is introduced. We com-
pare a monopole magnetic field with a dipole mag-
netic field by computer simulation, and the separation
of magnetic beads utilizing the dipole magnetic field
is demonstrated. The dipole field generates a higher
magnetic flux density at the separation zone than the
monopole field. In the demonstration, the dipole field
successfully derives the deflection of magnetic beads
flowing through a microfluidic channel.
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Introduction

In clinical areas, the separation of cells has played a
major role in cell research and therapies such as can-
cer diagnosis, genetic engineering, cell transplantation,
and immunology. Until now, macro-sized cell sorting
machines have had fundamental applications in these
areas. Among them, fluorescence activated cell sort-
ing (FACS) and magnetically activated cell sorting
(MACS) have been the most commonly used techni-
gues. However, conventional flow cytometry techni-
gues demand heavy instrumentation and are not appli-
cable on the micro-scale!. Even though the accuracy
and throughput of these tools are high, experimental
demands usually far surpass their capabilities. In other
words, they are not appropriate to a single-cell assay?.

Recently, numerous researches pertaining to micro-

sized microfluidic cell sorting devices have been re-
ported. These devices possess remarkable advantages
in minimizing the time and cost associated with a
routine biological analysis while improving reproduci-
bility®. Microfluidic cell sorting schemes based upon
fluorescent labeling*”, electrophoresis?®, dielectropho-
resis™™, and magnetophoresist*213 have been devised.
Microfluidic fluorescence activated cell sorting (u-
FACS) isaminiature version of the conventiona flow
cytometry system of FACS, and it feathers the multi-
labeling of cells and an innate accuracy as, except for
the microfluidic sample transport system, it shares
the same process of FACS. However, the cost and
size of optical instrumentation have been regarded as
an obstacle. Dielectrophoresis and electrophoresis use
a small variation in the movement of cells stemming
from the difference of electrical properties. Although
they reguire a source current and electrodes on the
chip-cytometer, they have been good candidates in
microfluidic cell sorting devices since they can oper-
ate without a labeling process.

Apart from the previously mentioned methods,
microfluidic magnetically-activated cell sorting (u-
MACS) does not need any optical instrumentation or
a current source and electrode. Using an electromag-
net or permanent magnet, u-MACS attracts magneti-
cally-labeled cells in a microfluidic channel. While
this method is suitable to make a compact device,
prediction and control of the magnetic field are a draw-
back. For a precise conformation of the magnetic field,
a quadrupole magnetic field was applied in a macro-
scale cell sorter4, but it was not applicable in a mic-
rofluidic system due to its geometrical restriction;
that is, a microfluidic channel is fabricated in a 2-
dimensional geometry. To overcome this problem, a
new method using ferromagnetic materials placed in
a microchannel has been presented, which requires a
bothersome deposition process'>?'’.

In this paper, we present an interesting u-MACS
scheme that can control and enhance the deflection of
particles by forming a dipole magnetic field with two
permanent magnets perpendicular to the microfluidic
channel.

Results and Discussion

Mechanism of Magnetophoretic Separation
Figure 1 illustrates a schematic diagram of the di-
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pole magnet sorter. Two magnets sit face-to-face and
enhance the field strength. Magnetic beads are releas-
ed from a sample inlet and are deflected by the mag-
netic attraction. Finally, they are separated from the
center flow area colored with green and go through
separation outlets. In a microfluidic environment, the
inertiaand gravitational effects are negligible because
of the small volume of the particle'®. Also, micropar-
ticles traveling in the microlfuidic channel are affect-
ed by a drag force due to the high surface-to-volume
ratio. Therefore, the forces exerted on a magnetic par-
ticle flowing through the microfluidic channel consist
of amagnetic force and viscous drag force.

The magnetic force is calculated using the follow-
ing equation:
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where V is the volume of a magnetic particle, Ay is
the volumetric susceptibility relative to the medium,
B isthe magnetic flux density, and L, is the permeabi-
lity of free space'®. When a particle migrates due to a
magnetic force, a drag force is inevitably generated
as areaction. The drag force is generally proportional
to the magnitude of velocity. The magnetic force
exceeds the drag force at the initial state; however,
soon the drag force catches up with the magnetic for-
ce. In acreeping flow with Reynold's numbers of less
than unity, the drag force is defined by Stoke's law as
shown in the following equation:

Fareg=6mRNYV, 2)

where R is the radius of a magnetic particle, 1 is the
dynamic viscosity of the medium, and V is the veloci-
ty of the magnetic particle. Here, the velocity of the
magnetic particle is driven from the equilibrium state
of the magnetic and drag forces, as shown in the fol-

Figure 1. A schematic dia-
gram of the dipole magnet
sorter used in the experiment.
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lowing equations:
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In magnetophoretic cell separation, the deflection
of amagnetic bead from the initial flow path is appli-
ed to sort the target particle. In this case, the particle
traveling distance in a perpendicular direction to the
flow direction is of interest. If the magnetic field is
actuated in x-direction, the traveling distance is cal-
culated by the next equation:

2R?Ay _ /B2
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where t is the time taken for the magnetic bead to
pass through the magnetic field's actuated zone. The
actuated time is inversely proportional to the flow
rate. Equation (6) shows that the deviation from the
initial path is proportional to the gradient of the mag-
netic flux density squared and time t. By adjusting the
two variables, it is possible to control the migration
of magnetic beads in amicrofluidic channel.

Comparison between a Monopole Field
and a Dipole Field

The deviation of a magnetic particle from its initial
path is proportional to the gradient of the magnetic
flux density squared; thus, it is inversely proportional
to the distance squared by the inverse square law. If
two magnets are aligned in-parallel, magnetic lines
from the N-pole do not need to go toward the S-pole
locating at the back-side of the magnet, but go direct-
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Figure 2. Simulation of the magnetic fields of (a) monopole and (b) a dipole magnetic systems.
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Figure 3. The variation of magnetic flux density across the microchannel in(a) monopole and (b) dipole magnetic fields.

ly to the S-pole confronting it. As a result, the dipole
field can prevent the loss of magnetic flux density in
the microfludic channel residing at some distance from
the magnet.

We examined the difference in magnetic flux den-
sity between monopole magnet and dipole magnet
using a simulation method. The actual magnetic flux
density of the permanent magnet (Nd-Fe-B) was mea-
sured with a Gauss meter (Gauss/Tesla meter model
5080, SYPRIS Co.) and was used in the simulation.
A computer simulation of the magnetic field was
conducted using COMSOL Multiphysics Ver. 3.3
(COMSOL Inc.), which is widely adopted in electro-
magnetic field simulation. Figure 2 presents the mag-
netic field lines of a monopole field and dipole field.

The monopole magnet shows a closed loop in the
magnetic field spreading at the microchannel region,
while the dipole magnet system shows a more con-
centrated magnetic field. The specific magnetic flux
density variation across the channel is presented in
Figure 3. The magnetic flux density of the monopole
magnet gradually decreases to 0.125 at the channel
region (Figure 3a), but that of the dipole magnet is
0.25 asthere is arecovery at the position between the
two magnets resulting in arise to the initia strength
(Figure 3b).

In a channel area having a small dimension, the
gradient of magnetic flux density along the perpendi-
cular direction is negligible, so only the horizontal
gradient of magnetic flux density is of importance®.
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Figure 4. The variation of magnetic flux density along the microchannel in(a) monopole and (b) dipole magnetic fields.
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Figure 5. A simulation of the deflection of particles in the
microchannel by (a) monopole and (b) dipolefields.

As shown in Figure 4, nevertheless the morphology
of the graphs are similar, and the magnetic flux den-
sity of the monopole field along the horizontal direc-
tion ranges from 0.068 T to 0.125 T, while that of the
dipole field ranges from 0.135T to 0.25T. In conclu-
sion, we can certify that the dipole magnet exerts a
larger amount of force than the monopole magnet.

Demonstration of the Dipole Magnet Sorter
Prior to the experimental confirmation of magnetic
bead separation, we simulated the deflection of mag-
netic particles in both the monopole and dipole mag-
netic fields. In the simulation, the applied parameters
of the microchannel dimension, flow speed, particle
size, and magnetic flux density were identical to the
experimental conditions. Figure 5 shows the vector

fields and path lines indicating the migration of parti-
cles gjected from a sample inlet in the microchannel.
By looking at the path lines, we could presume that
the particle traveling distance (Ax) would be ~120 and
~280 um in the monopole and dipole fields, respec-
tively. The high degree of deflection was a definite
result owing to the intensified magnetic flux density
formed in the dipole field.

In the demonstration of particle separation, the di-
pole magnet showed a strong magnetic attraction on
the magnetic bead passing through the microfluidic
channel, and the optimal flow speed for the full sepa-
ration was remarkably higher (42 mm/s) than the
monopole magnet (around 20 mm/s). The advantage
of lab-on-a-chip is the increase of accuracy, regarded
as applicable in single-cell analysis. However, this
high accuracy possessed another consideration that
the analysis should alow a low throughput. The di-
pole magnet sorter will enhance the speed of analysis
in a micro MACS system. In further research, the
magnetic field of a dipole magnet will be analyzed in
a 3-dimensiona system, and a cell magnetically label-
ed will be tested using this scheme.

Conclusion

On-chip separation of magnetic beads using a di-
pole magnetic field was demonstrated. The magnetic
fields of a monopole magnet and a dipole magnet were
analyzed by computer simulation software, COMSOL
multiphysics 3.3. The dipole magnet showed a con-
centrated magnetic field profile on the separation area,
and the gradient of magnetic flux density was higher
than the monopole magnet. In the real experiment,
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Figure 6. Photographs of (a) experimental setup using the dipole field and (b) separation of magnetic beads.

the dipole field successfully demonstrated the particle
separation in amicrofluidic channel.

Materials and Methods

Fabrication and Experimental Setup

To make a microfluidic channel identical to the
geometry shown in Figure 1, a conventional fabrica-
tion method of PDM S soft-lithography was applied?.
An epoxy-based negative photoresist (SU-8 2025,
MicroChem) was applied to fabricate a microfluidic
channel of 30 um height and 1 mm width. After pre-
paring the SU-8 mold on a silicon wafer, we then
poured the PDMS gel mixture (DC 184-A : B=9:1,
Dow Corning) onto the SU-8 mold. After curing the
PDMS, the PDMS microfluidic channel was peeled
off from the SU-8 master, and it was then treated with
02 plasma for permanent bonding with a glass sub-
strate??. After the plasma bonding, de-ionized water
was immediately injected to maintain the microfluidic
channel in its hydrophilic state. Three syringes were
connected with each inlet of the microfluidic chan-
nel, actuating a microflow of Dynabeads M-280 strep-
tavidin (Invitrogen Inc.) through the channel by utiliz-
ing syringe pumps (KD Scientific, KD-560). The
moation of the magnetic beads was recorded by a CCD
cameravia an inverted microscope (IX 71, Olympus).
We used two permanent magnets aligned in-parallel
to conform the dipole magnetic field. A picture of the
experimental setup is represented in Figure 6a. With a
flow rate of 75pL/min corresponding to a mean velo-
city of 42mm/s, the separation of magnetic beads was
successfully demonstrated (Figure 6b).
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