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Abstract

The electromagnetophoretic migration of micro-particles in a capillary flow system was demonstrated using a homogeneous magnetic
field applied at right angles to an electric current. We utilized a high-magnetic-field of 10T for observing this phenomenon. When the
direction of the electric current was alternatively changed, polystyrene latex particles in a flowing aqueous medium migrated zigzag affected
by a Lorentz force exerted on the medium. Carbon particles also migrated in the same manner with polystyrene particles. Further, we tried
the electromagnetophoretic migration of biological particles, such as yeasts and human red blood cells. The migration velocity component
perpendicular to the flow was proportional to both the electric current and the magnetic flux density. These results proved that the dominant
force of the zigzag migration was an electromagnetophoretic buoyancy generated in the flowing medium. Moreover, it was found that the
force exerted on the particles in the magnetic field of 10 T was sufficient for the desorption of particles adsorbed on the capillary wall.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction analysis of microparticles in solution. The flow controlling
of electrolyte solutions using the electromagnetic force, such
Electrophoresis and sedimentation are currently the mostas magnetohydrodynamics (MHD) effect, have been studied
popular migration methods of biomolecules and cell com- [8,9], however, particle analysis using this force have been
posites, which are utilizing an electric field and a gravi- investigated scarcely.
tational field, respectivelyl,2]. Recently, some separation The general concept of electromagnetophoresis (EMP) is
methods using a magnetic field were also made practical. Inan application of Lorentz force to the migration analysis.
these methods, magnetically susceptible particles p0Fe  When we apply an electric current through a conductive
adsorbed particles were separated by an inhomogeneoudluid including particles in a homogeneous magnetic field
magnetic field[3]. Although there are some other external perpendicular to the current, the force is exerted on both the
fields that might be utilized for migration analyses of mi- fluid and the particles. If the force exerted on the fluid is
croparticles, they have so far hardly been investigated. In ourequal to the one working upon the particles, no migration
laboratory, some of the alternative external fields were in- will occur. However, if the two forces are different, migration
vestigated for the development of new migration analysis. A of the particles will be caused.
nonuniform electric field was utilized in the dielectrophore- A theory of electromagnetophoresis was proposed for the
sis [4], a scattering force of laser radiation beam was em- first time by Kolin in 1953, and the force exerted on macro-
ployed in the laser-photopore$, and an inhomogeneous scopic beads was experimentally demonstrdted]. Re-
magnetic field was used in magnetophorg6ig]. We fo- cently, the electromagnetophoretic velocities of microscopic
cus here on an electromagnetic force which is produced by particles, such as polystyrene latex spheres, were investi-
a homogeneous electric field and a homogeneous magnetigated in our laboratory. Measurements in our laboratory have
field, in order to invent a new principle for the migration been performed in a closed microcell under a magnetic field
less than 0.2 T generated by permanent Nd—Fe—-B magnets.

* Corresponding author. Tekt81-6-6850-5411: !t was co_nflrmed from thls_ study that the migration veloc_-
fax: +81-6-6850-5411. ity of particles was proportional to the current, the magnetic
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In the present study, we investigated the electromagne-
tophoresis of micrometer-sized particles in a flow system,
which was widely adapted in high-throughput separation
systems. Furthermore, we applied a superconducting mag- ) ¢
net, which could allow us to use a high-magnetic-field up
to 10 T. Therefore, we could observe the migration velocity
induced by the larger force than that by permanent magnets.

In this paper, we describe the experimental observation
of the electromagnetophoretic behavior of microscopic par-
ticles, such as polystyrene latex and carbon, in a capillary
flow system using a high-magnetic-field and discuss the y
dependence of the electromagnetophoretic velocities on
the magnetic field, the electric current, the particle size and gy 1 schematic drawing of the electromagnetic weigkityw, and
the conductivity of the particle. Further, we tried to mea- electromagnetic buoyancievs, exerted on a particle. They are perpen-
sure the desorption force of the particles adsorbed on thedicular to a homogeneous magnetic fie) @nd to an electric current
capillary wall by applying electromagnetic buoyancy. (i). The magnetic field is maintained at right angles to the current.

working on a particle, itself. On the other hand, the direction

2. Material and methods of Femp is opposite todFemw, and the strength dfgump is
equivalent to the force working on the fluid whose volume
2.1. Principal of electromagnetophoresis is equal to that of the particle.

The net force exerted on a particle in a closed cell which
When the current of (Am~2) passes through a conduc- has an inner section &(m?) given by Kolin isFemw added
tor of volumeV (m®) in a magnetic field, the conductor by Femg, as shown in the following equation:
invariably experiences a force, the Lorentz force. If the cur- .
. . = . 0p — Of 1
rent is perpendicular to the magnetic field, this force can be Fepyp = Femw + FEmB = ZBV(—) — (2)
expressed as: 20t +op) S

F = uopHjV (1) whereB is the magnetic flux density (NA m~1), o, is the
apparent electric conductivity (STh) of the particle and
is the electric conductivity (S mt) of the medium, andthe
current (A).

Acceleration and mass of the particles are so small in our
system that the particle migrate with a constant velosity,
fieeping balance between the electromagnetophoretic force,
Femp, and the viscous or frictional forc&,, which is ex-
pressed by Stokes’ law:

where g is the vacuum magnetic permeability (RG2),

u the magnetic permeability of the conductor ardthe

magnetic field strength (Amt). The direction of the force

is perpendicular to both the current and the magnetic field.
The same force can be generated even when the conducto

is the fluid. As the current passes through the conductive

fluid enclosed in a cell under a magnetic field, all of the fluid

experiences the force. Although the fluid is stationary while

passing the current, the pressure in the fluid generated by thefy, = 6xnrvCy )

Lorentz force depends on the position and thus a pressure ) S ] )

gradient is produced. This phenomenon plays a key role in Wherén is the fluid viscosity (Pa s); the radius of the

our experiment. spherical particle (m)Cy is the viscous drag coefficient due
One can imagine a homogeneous electric current and at© the surface of the cell wall. _ o

homogeneous magnetic field, which are applied to a cell at FTOMEGs. (2) and (3)we can obtain the migration ve-

right angles to each othdfig. 1shows a schematic drawing locity v of a spherical particle as:

of this situation and forces exerted on a particle in a fluid in 4 ( op— of iBr2

the cell. The densities of the particle and the fluid were kept V = 9 < > SnCw

almost equal in our experiment, so that any influence of the

gravitational force was neglected. As we applied a current Eq. (4) indicates that the electromagnetophoretic velocity

through the enclosed conductive fluid in the homogeneouswill be proportional toi, B andr?.

magnetic field, they migrated to the direction perpendicular

to the current and the magnetic field. According to Kolin, 2.2. Materials

whether the particles migrate upward or downwdFf)( 1)

depends on the difference between the fluid conductivity and  The particles used in the experiments were polystyrene la-

the particle conductivity. The two forces working on a par- tex particles and carbon particles. Polystyrene latex particles

ticle (Fig. 1) are called the electromagnetic weight (EMW) were purchased from Funakoshi (Tokyo, Japan), and car-

and the electromagnetic buoyancy (EMBgug is a force bon particles were purchased from Nippon Carbon (Tokyo,

(4)

20t + op
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Fig. 2. Diagram of the cell: (a) PTFE tube, (b) heat-shrink tube, (c)

Ag|AgCl electrodes, (d) fused-silica capillary, and (e) objective. PTFE (h)

tube was connected to a syringe pump. The observation part was the

center of the capillary. The homogeneous magnetic fig)di§ applied Fig. 3. Experimental setup for the observation of electromagnetophoresis:

to the direction of the gravity and the direction of the curréhtcan be (a) superconducting magnet, (b) voltmeter, (c) current source, (d) ammeter,

alternatively changed. (e) video recorder, (f) monitor, (g) syringe pump, (h) light source, (i)
CCD camera, and (j) optical microscope.

Japan). The diameters of polystyrene latex particles were 6

a voltage were measured by an ammeter (Advantest, Digi-
(5.87+0.40um), 10 (914+£0.71pm), 15 (146 4+ 1.7 wm),

k talmultimeter R6551, Japan) and a voltmeter (Takedariken,
and 20um (220=+2.7 um), and the diameter of carbon par-  pgitaimultimeter TR6843, Japan), respectively. A micro-
ticles were 6 (29 0.94pm) and 20um (220 £+ 2.0 um). scope attached to a charge-coupled device (CCD) camera

The electrolyte soluti(_)ns were 1.0M KCI _with pH 5.4 for (ELMO, ME421R, Japan) was used to observe the migra-
polystyrene latex particles and 6.0M Ca@lith pH 6.6 for  j5 of particles and focused around center of the capillary

carbon particle;. These solutions _had Qensities nearly equaly , 4vis. The CCD image was displayed on monitor and
to those of particles. Polystyrene is an insulator, but carbon 5154 recorded on a videocassette. The migration velocity
is highly conductive than that of the medium. Further, We \vas measured from images captured in a computer.

used yeasts and red blood cells (RBCs) as examples of bi- \yhen a particle in the flowed system, which was focused,
ological particles. Common baker's yeasts were dispersed, 5 anneared in the observation region, a current was applied
1.0M KCI solution with pH 7.1. Fresh human blood was {5 several seconds and switched its direction reversibly be-
sgmpledjust prior to use an'd introduced into a vial that' CON- fore the particle reached the capillary wall. According to
tained EDTA aqueous solution to prevent the aggregation of o giteratively switched current, the flowing particle mi-
the cells. One drop of the blood sample was added t0 100 Mg 4t zigzag. Each migration distance perpendicular to the

of 0.155 M KClI solution with pH 6.6, which is almost iSo-  girection of the flow and the time for the migration were
tonic with real blood. measured. Then, we calculated the migration velocity of a
particle induced by the electromagnetic buoyancy.
2.3. Apparatus and measurements We also found that the particle, when it was adsorbed
at the capillary wall, could be desorbed by the electromag-

Fig. 2 shows the capillary cell used in the present exper- netic buoyancy. In this observation, the flow was stopped. At
iments. The cell was made of fused-silica capillary, which first, a particle was adsorbed to the wall by the electromag-
had a 10Qum x 100pm inner section and was 2¢m long,  netic buoyancy, then desorbed by a reversed electromagnetic
inserted to PTFE tubes with Ag|AgCl electrodes covered by buoyancy by applying a reversed current. The desorption of
heat-shrink tubes. The Ag|AgCl electrodes were made by particles was observed, when the current was increased from
electrolysis, at first; a silver wired(= 0.2mm) was con- 0 to 1000wA gradually at a fixed magnetic field of 10 T.
nected to the anode of an electric power and the platinum  All measurements were carried out in a thermostated room
wire with the cathode; both wires submerged in a solution gt 25+ 1°C.
of 1.0M KCI. Then, a constant voltage (5V) was applied
for 5min to make AgCl on the Ag wire. The migration of
particles was observed by objective positioned upward. The 3. Results and discussion
focal point was set at the center of the capillary.

Fig. 3 shows the apparatus used in the experiments. A 3.1. Electromagnetophoretic velocity in flowing system
magnetic field was generated by a superconducting magnet
(JMT, JIMTD-10T100HH1, Japan). The cell was set on the  Fig. 4 displays an electromagnetophoretic behavior of a
holder in a homogeneous magnetic field. Sample solutionspolystyrene latex particle with 20m diameter in the flow.
were provided to the capillary by a syringe pump. The The picture shown inFig. 4 was made by superimpos-
flow rate was ulh~1. A galvanostat (Fusoh, HECS317, ing images captured with 0.2s intervals. The particle was
Japan) device or a potentiostat (Metronix, HSV1K-60, moved by the flow from the right-hand sidekig. 4 When
USA) device was used to provide a current. A current and a current was applied, the flowed particle underwent an
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Fig. 4. Typical electromagnetophoretic behavior of a polystyrene particle in the flow. The diameter of the polystyrene particlemas 200 M KCI
solution was used as a conductive medium. The magnetic field was 10T and the currentpsasThe flow velocity was ulh™L. This picture was
reconstructed from the images captured at a rate of five frames per seconds.

electromagnetophoretic force to thelirection. As aresult,  proportionally to the magnetic field, as expected by
the particle moved diagonally to the direction>ebxis by Eq. (4)
the combination of the flow and the electromagnetophoretic  Fig. 6shows the current dependency of the EMP migration
force. Thus, when the direction of applied current was from velocity of polystyrene particles, whose diameters were 20,
the right-hand side to the left-hand side, the particle mi- 15, 10 and um. The magnetic field was 10 T and the applied
grated to upward as shown kig. 4 When the direction of  current was in the range from 5 to 1Q@. The migration
the applied current was switched before the particle reachedvelocity was proportional to the current, as suggested from
to the capillary wall, the particle moved to the opposite Eg. (4) It was also proved that a larger particle had a higher
direction. As the direction of the electromagnetophoretic migration velocity.
migration of the particle was the direction of electromag-  The effect of the wall surface on the drag force for the par-
netic buoyancy, it proved that the electromagnetic buoyancy ticle cannot be neglect, when the distance from the surface
governed the electromagnetophoretic migration in the flow is comparable to the particle radius. In the case of electro-
system in the same manner as observed in the closed celmagnetophoresis in capillary flow system, as particles mi-
[11]. Hence, the velocity of the electromagnetophoretic mi- grated zigzagging in the narrow channel, particles are under
gration of the zigzagging particles was obtained as the com-the influence of the friction due to the four walls. The effect
ponent perpendicular to the direction of the fldwg. 4). of the surface on the motion of particle, migrating parallel
Fig. 5 shows the magnetic field dependency of the EMP and perpendicular to the wall, was considered by following
migration velocity of polystyrene particles with fdn in
diameter. As the magnetic field was increased from3to 10 T
at a fixed current of 4Q.A, the migration velocity increased
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0o 5I 1|o 15 Fig. 6. EMP velocity of polystyrene particles at various applied cur-
B/T rents. The magnitude of the homogeneous magnetic field was 10T.

The diameters of polystyrene particles were (a)u8@ (b) 15wm, (c)
Fig. 5. EMP velocity of polystyrene particles increased in proportion with  10pum, and (d) gum. A 1.0M KCI solution was used as a conductive
the applied magnetic fields. The current wag.#0 The particle diameter medium. The averaged value of the apparent conductivity of polystyrene,
was 10um. A 1.0M KCI solution was used as a conductive medium. 0.0191+ 0.0084 ScnT!, was obtained from the slopes.



Y. liguni et al./J. Chromatogr. A 1032 (2004) 165-171

500 -

-1

w
o
o

N
o

D
o
o

'VEMp/IJm S
o

=

o

o
T

0O 20 40 60
y/um

80 100

Fig. 7. EMP velocity of polystyrene particles at variopgosition when
one wall position wag = 0. The magnitude of the homogeneous magnetic
field was 10T and the applied current was 30 The diameters of
polystyrene particles were (a) g@n, (b) 15um, (c) 10p.m, and (d) Gum.

A 1.0M KCI solution was used as a conductive medium.

equations. In the case that a particle moves along the cente
between parallel walls, the drag coefficient of the two walls,
Cw,//, is expressed as:

1
1— 1.004(r/ h,) + 0.418(r/ )3
—0.21(r/ h>)* — 0.16Xr/ h;)"]

Cw,/) = [ (5)

where h, is the distance (m) between the center of the
particle and the surface of the wa[l$2]. While the drag
coefficient of a single wall perpendicular to the direction of
migration,Cy._ | , is expressed as:

1
1—(9/8)(r/ hy) + (1/2)(r/ hy)3]

whereh, is the distance (m) between the center of the par-
ticle and the surface of the wal|$2]. Here, to consider the
influence of both walls, we useth, defined by the equation:

r r r

R L ™

Cw,1 = [ (6)

wherey is the distance from the center of the particle to
the wall, when it migrates perpendicular to the wall.

Fig. 7 shows the migration velocity of polystyrene parti-
cles in they direction, wheny = 0 is set on the surface of
the one wall. The magnetic field was 10 T and the applied
current was 3@.A. The migration velocity near the wall was
lower than that around the center of the capillary. The lines
were fitted ones usinGw, 1 by Egs. (6) and (7)As these
curves gave good fits to the plots, it was found that the mi-
gration of micro-particles in the capillary was influenced by
the capillary wall. Therefore, the drag coefficient due to the
walls, Cy, could be given as the following equation:

(8)

Fig. 8 shows the second power of polystyrene particles’ ra-
dius dependency of the observed migration velocities shown
in Fig. 7 multiplied by the drag coefficient of the wally
calculated byEq. (8)using/s, = 50pum, asCy depends on

Cw=Cw,;; x Cw,1
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Fig. 8. The dependency of EMP velocity of polystyrene particles multiplied
by the drag coefficientCy, on the second power of particles’ radius at
various applied currents. The magnitude of the homogeneous magnetic
field was 10 T. A 6.0 M CaGlsolution was used as a conductive medium.

FZ as shown irkgs. (5) and (6)The EMP migration veloc-
ity is proportional to the second power of particles’ radius.
These results indicated that the dependency of the EMP ve-
locity on B, i andr? is confirmed as expected froBy. (4)

Fig. 9 shows the migration velocity of carbon particles
whose diameter were 20 andufn. The magnetic field was
10T and the applied current was in the range from 5 to
90p.A. Although carbon particles have a higher conductiv-
ity than that of the medium, they migrated in the direction
of the electromagnetic buoyancy, inconsistent with that ex-
pected fromEq. (4) The current dependency of the mi-
gration velocity of carbon particles was similar to that of
polystyrene particles, though the migration velocity of car-
bon patrticles differs from that of polystyrene particles as
shown inFig. 6. The velocity of carbon particles was about
nine times smaller than that of polystyrene particles, whose
diameter was equal to the diameter of carbon particles.

Further, we tried the electomagnetophoretic migration of
biological particles, such as yeasts and RBCs. The form
of yeast was spherical and the diameter was determined as
7.17+ 1.49um from the images captured in a computer.
The real RBCs was not sphere, so we used a hypothetical
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Fig. 9. EMP velocities of carbon particles, whose diameters wepa2(a)

and 6um (b). The magnitude of the homogeneous magnetic field was 10 T.
A 6.0 M CaCp solution was used as conductive media for carbon particles.
From the slopes, the apparent conductivity d¥éB8+0.0080 S cr?! for
carbon particles was determined.
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Table 1
Apparent electric conductivitys, ons) and of polystyrene particle, carbon particle, yeasts and RBCs of diardgtstimated from the eletromagnetophoresis
in the electrolyte solution with conductivitys{)

Particle Electrolyte solution ot/Scntl! op,obdScnT? op/Scnrt

Polystyrene 1.0M KCI (pH 5.4) 0.112 0.0194 0.0084 0

Carbon 6.0M CaGl (pH 6.6) 0.110 0.0668 0.0080 727[15]

Yeast 1.0M KCI (pH 7.1) 0.112 0.0674 0.0078 2x 1072 [16]

RBCs 0.155M KCI (pH 6.3) 0.019 0.01CF 0.0011 6x 1073 [17]

radius,r’, of RBCs estimated by the equatifi8]: Assuming thatEq. (4) can be applied to the present

1/2 system, we could calculate the apparent conductivity of

o= <3'I_V> 9) particles in each systerfiable 1summarizes the calculated

8A conductivities of particlesyp ons based oriq. (4) and in-

wherel is the characteristic length of the particle in the di- 1insic values,op, from literatures. The result shows that
rection of the velocity anék the maximum cross section area POlystyrene particles can be regarded as dielectrics, and that

perpendicular to the velocity. We used the recommended Carbon particles have a much lower apparent conductiv-
value of/’ = 4.25pm [14]. Fig. 10shows the migration ve- ity than the intrinsic valqe. The appar_ent conductivities qf
locities of yeasts and RBCs together with that of polystyrene Y&ast and RBCs were different from literature values. This
particles, whose diameter was 1. The magnetic field ~ SU9gests that the migration was governed by the surface
was 10T and the applied current was in the range from 10 conductivity on the particles. The elegtrlc charges on the
to 60pA. The electromagnetophoretic behavior of the bi- Surface of particles produce an electric double lgyé).
ological particles was similar to the manner of polystyrene 1he effect of counter-ion cloud around the particles yields
particles, while the migration velocities of the biological the surfacelconductlwty on the particles. The values,o&
particles were lower than that of polystyrene particle, and 0-019 S cnm™for polystyrene particles and 0.067 Schtor

the deference was appeared between yeasts and RBCs. carbon particles seem to be comparable with the value of
0.025-0.050 S cmt reported for the surface of vesiclg®)].

3.2. Apparent conductivities of particles
3.3. The desorption of particles from the capillary wall by
The results in our experiments indicated that EMB played EMP

a predominant role in the migration of the micro-particles,
regardless of the conductivity of the particles. Moreover, as  The electromagnetophoretic force could desorb the parti-
the migration velocity of polystyrene particles in our exper- cles adsorbed on the wall of the capillary, when the current
iments was 80% of the calculated one frdqg. (4) using was applied at a fixed magnetic field of 10 T. We could ob-
op = 0. These results suggest that particles are migrating Serve the desorption of polystyrene particles adsorbed on the
not due to the intrinsic conductivity, but due to an apparent capillary wall, whose diameter were 15 and;2@ by the
conductivity. current of 549 and 31j1A, respectively. Carbon particles
with 20m diameter were also desorbed from the capillary
wall by the current of 32¢A. On the other hand, we could
not observe the desorption of the smallest polystyrene par-
@) ticles with less than 1Am diameter under the current less
than 1 mA. However, if the current was increased more than
1 mA, polystyrene particles with a diameter of i@ could
100 | (b) 4 be desorbed.

Under the magnetic field of 10 T, we could get the EMP
force enough for the desorption of micrometer-sized par-
(c) ticles from the capillary wall. The forces required for the
0 : . . desorption was obtained from the experiments as 712 and
0 20 40 60 1327 pN for polystyrene particles with diameters of 15 and

H A 20pm, respectively, and 450 pN for carbon particles.

200 —T T T

-1

-VEmpP /ums

Fig. 10. Comparison of EMP velocities of biological particles, such as:

(c) yeasts, (b) RBCs, and (a) polystyrene particles withuhOdiameter

whose diameter was similar to those of biological particles, the magnitude 4, Conclusion
of the homogeneous magnetic field was 10T. A 1.0 M KCI solution for

polystyrene and yeast and a 0.155M KCI solution for RBCs were used . . . .
as conductive media. From the slopes, the apparent conductivities of We demonstrated for the first time that the migration

0.0674+0.0078 Scm! and 00107+0.0011 S et were determined for ~ Of micro-particles caused by the electromagnetic buoyancy
yeasts and RBCs, respectively. could be observed in the open flow system. We also observed



Y. liguni et al./J. Chromatogr. A 1032 (2004) 165-171 171

that carbon particles with a higher conductivity than the References

medium migrated to the direction of electromagnetic buoy-

ancy as same as observed in polystyrene particles, which [1] J.C. Giddings, Unified Separation Science, Wiley, New York, Chich-
had a lower conductivity than the medium. This proved that ester, 1991.

there is no electric current in carbon particles. Thus, the mi- [2] S:F. Y. Li. Capillary Electrophoresis, Elsevier, Amsterdam, New
’ York, 1992.

gration velocity depended on both particle diameter and the (3] C. Bor Fuh, LY. Lin, M.H. Lai, J. Chromatogr. A 874 (2000)
surface conductivity. Further, we could observe that biolog- 131.

ical particles, such as yeasts and RBCs, migrated and the [4] S. Tsukahara, T. Sakamoto, H. Watarai, Langmuir 16 (2000)
migration velocity of yeasts was higher than that of RBCs. 3866.

Conclusively, the possibility to separate particles, e.g. bio- [5] H- Monjushiro, A. Hirai, H. Watarai, Langmuir 16 (2000) 8539.
[6] M. Suwa, H. Watarai, Anal. Chem. 73 (2001) 5214.

logical cells, due _to their sizes a_nd surface conductivities [7] H. Watarai, M. Namba, Anal. Sci. 17 (2001) 1233,

was strongly promised. Moreover, it was found thatthe EMP g k M. Grant, J.W. Hemmert, H.S. White, J. Am. Chem. Soc. 17
force was sufficient to desorb particles from the capillary (2001) 462.

wall in the magnetic field of 10 T. Thus, the electromagne- [9] N. Leventis, X. Gao, Anal. Chem. 73 (2001) 3981.

tophoresis is highly promising as a new method to measureﬁ(l’} ';\A- *,(\lo;n’]lb :Cﬁnf/iatlir;(lffgkﬁ‘éh . Anal. Sci. 16 (2000) 5

an intera_ction force _b_etween a particle and a wall at th_e pN [12] 3 Happel" H. Benner, Low Reyn’olds Number Hydmdyhamicsi
level, which is sensitive three orders than the conventional Prentic-Hall, Englewood Cliffs, NJ, 1965.

AFM. [13] M. Takayasu, N. Duske, S.R. Ash, F.J. Friedlaender, |IEEE Trans.
Magn. 18 (1982) 1520.

[14] D. Melville, F. Paul, S. Roath, IEEE Trans. Magn. 11 (1975) 1701.

[15] The Chemical Society of Japan, Kagakubinran Kisohen, Maruzen,

Acknowledgements Tokyo, fourth ed., 1993.
[16] Y. Huang, R. Holzel, R. Pethig, X. Wang, Phya. Med. Bio. 37 (1992)
This work was supported by a Grant-in-Aid for Scientific 1499.

Research (No. 12554033) from the Ministry of Education, [17] [B)'Or']\:t’r‘]" C'?allggsrgfr‘f’akqa c??;g]glg)ns\zlg' Shilov, E. Knippel, E.
S:ultur_e and Sports of Japan. The z_auth?r thank COE programy, g ; “7hao, w. Brown, J. Colloid Interface Sci. 179 (1996) 255
Creation of Integrated Eco-Chemistry” of Osaka University [19] N.G. Stoicheva, S.W. Hui, Biochim. Biophys. Acta 1195 (1994)

for financial support. 39,



	High-magnetic-field electromagnetophoresis of micro-particles in a capillary flow system
	Introduction
	Material and methods
	Principal of electromagnetophoresis
	Materials
	Apparatus and measurements

	Results and discussion
	Electromagnetophoretic velocity in flowing system
	Apparent conductivities of particles
	The desorption of particles from the capillary wall by EMP

	Conclusion
	Acknowledgements
	References


