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Abstract

A new principle for the chromatographic micro-separation of micrometer-sized particles in liquid has been invented by switching the
electromagnetophoretic force in a capillary flow system. The principle is the combination of the Stokes force by the bulk flow and the
adsorption—desorption force on a capillary inner surface controlled by an electromagnetophoretic buoyancy generated by an alternative
current and a homogenous magnetic field. The observed retention profiles of test micro-particles was explained by the “zigzag” migration
model mainly depended on particle size and their adsorption force to the capillary wall. By this method, we could succeed to separate
polystyrene particles of 0m and 2Qum in diameter dispersed in 1 M KCI solution containing 0.01% Triton X-100 using only 1 mm long
fused-silica capillary under 10 T.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction In our laboratory, the applicability of various external
fields for the migration of particles has been investigated
The separation and characterization of colloidal parti- and some novel analytical migration techniques of micro-
cles in liquid phase, such as industrial particulate materials, particles were developgd0-13] In this paper, we focus on
environmental particles and living cells, becomes the prin- electromagnetophoresis (EMP) which is migration technique
cipal subject in various scientific and technological fields. using the magnetic field and the electric current as external
For the separation of macromolecules or submicrometer-field.
sized particles, electrophoresis, size exclusion chromatog- The phenomenon of EMP was studied for the first time
raphy (SEC) and field flow fractionation (FFF) are currently by Kolin [14]. He proposed an idea to separate particles sus-
the most popular method$—4]. In contrast, for separation pended in a conductive liquid by the electromagnetophoretic
of supermicrometer-sized particles, only several studies of rotation combined with electrophoretic fractionation using
FFF for separation of micro-particles have been repdgpd permanent magnefd&5-17] Thereafter, the electromagne-
Electrophoresis takes 10 h or longer for large DJ§A8], and tophoretic effect has been the subject of a number of theoret-
SEC is mainly used to separate macromolecules in the rangdcal and experimental studi¢8—22]
up to 10 Da[9]. Sedimentation method has also poor resolu-  Recently, we reported the electromagnetophoretic migra-
tion. Affinity chromatography is selective separation method tion velocity of micro-particles in capillary flow system using
for bioparticles, but is difficult to remove strongly adsorbed a superconducting magn3]. In the previous studies, we
particles from the adsorbent. Therefore, the development of have demonstrated that the electromagnetophoretic force can
an alternative technique for the separation of micro-particles be applied for the measurement of the particle—wall interac-
has been highly required. tion force up to 1 nN using a superconducting madaét.
By this method, the adsorption force of micrometer-sized par-
* Corresponding author. Tel.: +81 6 6850 5411; fax: +81 6 6850 5411.  ticles, such as polystyrene particles and carbon particles, in
E-mail addresswatarai@chem.sci.osaka-u.ac.jp (H. Watarai). aqueous solution on a fused-silica surface was demonstrated.
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The present study proposes a new principle for the sepa-wherer is the radius of the spherical particle (m)the fluid
ration of micro-particles in liquid, utilizing the electromag- viscosity (Pas) an@w the drag coefficient of the wa]l23].
netophoretic force in a capillary flow system. This methodis  The separation principle is completely different from that
based on a combination of the Stokes force by the bulk flow of chemical adsorption ||qu|d Chromatography' in which the
and the adsorption—desorption force on a capillary inner sur- adsorption—desorption probability is controlled by the local
face controlled by electromagnetophoretic force, whichis ac- adsorption equilibrium. The adsorption—desorption probabil-
tually the electromagnetophoretic buoyancy generated by theity in the new method is governed by the electromagne-
difference between Lorentz forces exerted on both particlestophoretic force generated by the electric current and the
and medium, when an electric current and a homogeneousmagnetic field.Fig. 1a is the schematic drawing of the
magnetic field perpendicular to the current are applied to the behavior of micro-particle in the electromagnetophoretic
system. By regulating the current under a high magnetic field, adsorption—desorption chromatography. By the electromag-
the force on the particle perpendicular to the surface of the netophoretic force, a particle in the capillary was migrated
cell has been controlled. Thus, the particles was adsorbed tao the capillary wall and pinned against the wall. It was kept
or desorbed from the surface under a given flow rate. The ad-adsorbed until the reversed electric current reached to the
sorption force of particle is specific for the combination ofthe desorption current. The increase of the current induced the
surface properties of particle and the wall. Therefore, by in- desorption of the particle at the desorption curignas de-
creasing the current under a flow, the particle can be detachedpicted inFig. 1b. Therefore, the microparticle migrated in a
from the wall at the specific desorption current, and separatedzigzag manner across the flow by the electromagnetophoretic
from other particles with different desorption current. This force with repeating adsorption—desorption cycle synchro-
is the first report of adsorption—desorption chromatography nized to the switching of the direction of the applied elec-
controlled by an electromagnetic field, which willbe accepted tric current as shown with dashed arrowsFig. 1a. In this
as an innovative methodology in the chromatography family. adsorption—desorption cycle, only particles, which are des-
orbed by the current less thapay, can move ahead with the
flow. Therefore, the moving distance in the direction-aixis

2. Theoretical for one desorption—adsorption cyct,in the capillary with
the inner diameter ab, is expressed as

2.1. Principle of electromagnetophoretic

adsorption—desorption microchromatography d=2" 2r

vf 3
VEMP
When we apply the electric currentto a conductive fluidin- whereuvs is the average linear velocity of the liquid flow in
cluding particles in homogeneous magnetic field perpendic- the capillary.
ular to the current, suspended particles can migrate perpen- The applied current is designed as showrfig. 1b, in
dicular to both of the electric current and the homogeneous which the current is increased fromu\ to imax for the pe-

magnetic field. The electromagnetophoretic fofggyp, ex- riod, ti. When the applied current was increased gradually
erted on a particle is represented by
) Calpillary wall
i Op — Of
Fi =2BV— | —— 1
EMP S <20f_ap> 1)

whereB is the magnetic flux density (T) the volume of

the single particle (m), the electric current (A)Sthe inner

section of the cellg; the electric conductivity of the fluid

(Sm1[12] andop the apparent electric conductivity of the

particle (S nT1) [13,24] The direction of the electromagne-

tophoretic force was perpendicular to both the current and @

the magnetic force, and was opposite direction to the Lorentz L

force on the medium. This means that the force acting on the /l
Imax

particle is the buoyancy from the medium. From Eg.and e ]
Stokes’ law, the following equations can be obtained as the
electromagnetophoretic migration velocitygyp:

(A) (B)(C)

0 i ‘ t

vewp = kKir? @ ®

Fig. 1. (a) Schematic illustration of the electromagnetophoretic migration

where and adsorption—desorption of a particle in a capillary flow system, when

4 B op — of switching the direction of the electric current. (b) Design of the applied
k=-——— and k' = (—) current for the electromagnetophoresis. The current is increased fg@mn 0
9nSCw 20t — op to imax for t;, and the direction of the current is switched alternately.
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tion current,ip, the electromagnetophoretic force becomes
larger than the adsorption force of a particle and the particle
desorbs from the capillary wall and start to migrate (section (f)—l ==
(B) in Fig. 1b). Then, the particle is pinned again to the op-

posite sidewall after crossing the capillary (section (C) in

Fig. 1b). Finally, as the particle moves for the distancelof @
at every period ofj, the retention time of the particleg, in

the effective capillary lengtl, can be expressed as

(section (A) inFig. 1b) and the current reaches to the desorp- |

= ==
I Ik Kipr? e

fR=—t;= —— D 4

R d' vF w— 2r “) (l)

As shown in Eq(4), the retention time is determined by
K, ip andr. Thus, micro-particles can be separated by their Fig. 2. Experimental set up for the adsorption—desorption chromatography
size and adsorption force to the capillary wall. using the electromagnetophoretic force: (a) a superconducting magnet; (b)
PC; (c) a function syncesyser; (d) an amplifier; () an ammeter; (f) a video
recorder; (g) a monitor; (h) a syringe pump; (i) a CCD camera and (j) a
microscope.
3. Materials and methods

applied current was measured by a digitalmultimeter (VOAC

To evaluate experimentally this new chromatographic 7512, IWATSU, Tokyo, Japan). An optical microscope at-
principle, the separation of different sized polystyrene par- tached to a CCD camera (ME421R, ELMO, Nagoya, Japan)
ticles was examined. In the case of size separation of thewas used to observe the behavior of particles in the capillary.
particles made of same material, the radius and the des-The CCD image was displayed on monitor and also recorded
orption current are the predominant factors governing the on a videocassette. On the monitor, the behavior of suspen-
retention time as shown in E@4). Sample solution was  sions was observed and the desorption current was measured
1moldnT3 KCI (Nacarai Tesque, Kyoto, Japan) solution simultaneously. The time that a single particle passed through
containing polystyrene latex particles (Funakoshi, Tokyo, the distance of 1 mm in the capillary cell was measured as
Japan) in diameters of 30m (9.14+0.71um) and 2Qum the retention time by a stopwatch. All measurements were
(22.0+2.7pm), respectively, in which 0.01% (v/v) Triton  carried out under the constant magnetic field of 10 T and the
X-100 (Nacarai Tesque, Kyoto, Japan) was dissolved to re- applied current period timé, of 2 s in a thermostated room
duce the adsorption force of polystyrene particles to the silica at 254+ 1°C.
surface. A fused-silica capillary (GL Science, Tokyo, Japan)
and a nonionically modified fused-silica capillary whose in-
ner diameters are 2Qm were used in our experiments. The 4. Results and discussion
surface was coated with squalane by the following procedure.
First, a fused-silica capillary was filled with toluene solution 4.1, Experimental observation of retention time of
of 3% (v/v) dimethyldichlorosilane (Shinetsu, Tokyo, Japan) polystyrene particles
and left for 5 h. After washing by methanol, water and ace-
tone, the capillary was filled with toluene solution of 5% (v/v) Fig. 3 displays an electromagnetophoretic behavior of a

squalane (Wako, Osaka, Japan) and left for 5 h, and washedholystyrene latex particle with 20m diameter under the flow
by methanol and water. The capillary flow cell was made of a
capillary with 2 cminlength, inserted to PTFE tubes and then
covered by heat-shrink tubes. The|AgCl wire electrodes,
which were made by electrolysis, and peak tubes for provid-
ing sample solution were connected to the capillary cell by a
three-way connector. ? 4 ¢ 0
Fig. 2 shows the apparatus used in the present experi-
ments. The cell was set on the holder in a homogeneous
magnetic field (10 T) generated by a superconducting magnet 100 pm
(JMTD-10T100HH1, JMT, Kobe, Japan). Sample solutions - Flow Polystyrene
were provided to the capillary by a syringe pump. The cur-
rent was applied as shown Fig. 1b, designed by a wave-  Fig. 3. Typical electromagnetophoretic adsorption—desorption behavior of
form making software (105, NF, Tokyo, Japan). A function apqustyrene particle in the capillar_y flow. The diameter of thg polystyrene
. ... particlewas 2¢um. A 1.0 M KCl solution was used as a conductive medium.
syntheS|zer (WF 1915, NF, TOkyO’ Japan) and an ampl!fler The magnetic field was 10 T and the maximum current was 1300rhe
(MODEL 610-C, Trek, Tokyo, Japan) were used to provide fow rate was 6@ h~L. This picture was reconstructed from the images
the current to the sample solution in the capillary cell. The captured at a rate of 60 framel/s.

Capillary wall
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rate of 60ul h—1 and the maximum currerityay, of 1500uA. 4 A T
The picture shown irFig. 3 was made by superimposing
images captured with every 1/30s intervals. The particles
migrated diagonally in the capillary by combination of the @ o
electromagnetophoretic force and the viscous force, and the
particles, pinned by electromagnetophoretic force on the cap-
illary wall, were not moved by the flow. It was proved that the
particles just behaved in the manner predicted by the model (b)
shown inFig. 1a.

Fig. 4 shows the retention time profiles of polystyrene

Counts

Counts

Counts

particles, whose diameters weredfd and 2Q.m, with the 010um |
effective capillary length of only 1 mm. These should be © 'i%”mso

called adsorption—desorption chromatogram. The maximum
current,jmax was 200QuA and the flow rate was varied in the
range from 6Qul h~1 to 100plh~1. As shown inFig. 4, an Fig.5. Retentiontimes of polystyrene particles whose diameters wema10
increase in the flow rate shortened the retention time, and the(white bar) and 2um (black bar) using a fused-silica capillary, whose in-
deviation of the retention time became smaller in the higher ner diameter was 2q0m at various flow rates: (a) 15¢08; (b) 1000nA
flow rate. In all flow rates, the larger polystyrene particles and (CLSOQLA' Effective capillary length was 1mm. The flow rate was
. . . 60wl h~*. The dashed lines and the curves displayed that the theoretical
were retained longer in the capillary, but smaller ones eluted yajyes of the retention time calculated by E4) using the observed des-
faster. Thus, the different sized polystyrene micro-particles orption current and the Gaussian fitting. Average values of retention time
could be separated. At this time, the average desorption cur-and peak width of polystyrene particles could be calculated from Gaus-
rents were QZQA and 107QLA for polystyrene partiCIeS sian fittings;tRyzoMm =31.0s, 15.1s and 9'60&'110Mm =13.6s, 7.33s and
. . . 4.21sW0,m=21.0s, 6.50s and 2.77¥/;0,m=9.32s, 3.58s and 4.18s
with th? diameters of 2Am and 1Gum, respectively. for 1500pnA, 1000pA, and 500wA of maximum current, respectively.
In Fig. 5, the flow rate was kept at 0 h—1 and the max-
imum current,imax, Was changed at 5QOA, 1000p.A and tion became smaller. This indicates that the particles pushed
1500pnA. Table 1displays the average values of the desorp- with stronger force are adsorbed stronger and require the
tion current at four maximum currents. As showrTable 1, larger desorption current. The calculated retention times by
the desorption current was dependent on the maximum CUr-gq. (4) using the desorption current of polystyrene parti-
rent. In the lower maximum current, i.e. in the weaker push- cles with diameters of 2@m and 1Qum are indicated in
ing force, the retention time became shorter, and its devia- Figs. 4 and Sas dashed lines. They are well agreement with
the observed retention times and the proposed model in the
present study was confirmed. The spread of the observed re-
4 tention time was due to the fluctuation in the desorption cur-

%] 4 i i
'§ 1 rent of polystyrene particles, which might be caused by the
o deviation in the adsorption force between the particle and the
(a) surface.
§ 4.2. Resolution of size separation of polystyrene
o particles
(b)
@ 4 ' C . Chromatographic resolutiofR§) between particles 1 and
3 | 2 was represented as
° 1207 2 )
© o il R1—IR2
20 40 60 80 100 Rs= —7F——7— 5
/s ° W1+ W2 ®)

where W was the width of the chromatogram peak.

Fig. 4. Retention time of polystyrene particles whose diameters warenl0 Tables 2 and 3show the observed resolutions between

(white bar) and 2@um (black bar) using a fused-silica capillary, whose in-
ner diameter was 2Q0m, at various flow rates: (a) 0 h~1; (b) 80l h~!
and (c) 10Qul h—1. Effective capillary length was 1 mm. Maximum current Table 1 . .

was 200Q:A. The dashed lines and the curves displayed that the theoretical 1€ @verage values of desorption current of polystyrene particles fr;)m the
values of retention time calculated by Hg) using the observed desorp- fused-silica surface at various maximum current in the flow rate pfl 60

tion current. The lines were fitted with the Gaussian for the retention time i, (WA) ip (10wm) (nA) ip (20um) (LA)
profiles. Average values of retention time and peak width of polystyrene par-

ticles could be calculated from Gaussian fittingsio,m =60.9 s, 43.4 s and iggg 1?;3 2(2)2
27.1s}r10pm=22.0s,11.0s and 7.19¥bo,m=41.7s, 36.0s and 15.15s, 1000 455 312
Wioum=28.65,5.99 sand 5.80 s for f0h~1, 80l h~1, 100l h 1 of flow 500 253 181

rate, respectively.
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Table 2 5. Conclusion
Resolution Rs) between polystyrene particles with Léh and 2Qum in
diameters with the effective capillary length of 1 mm at various flow rates

under the applied maximum current of 2008 The present study has proposed a new concept of the

electromagnetophoretic adsorption—desorption chromatog-

—1 .

Flow rate ulh ™) Resolution &) raphy for the first time. It is an innovative technique for
gg 112 the separation of micro-particles in a liquid by the use of
100 120 the desorption—adsorption force to the capillary wall con-

trolled by electromagnetophoretic buoyancy. Character of
this method is that both adsorption and desorption have been
controlled by the external physical field not by the adsorption
isotherm, which is the principal mechanism in a common ad-
sorption chromatography. Experimental results demonstrated
that the proposed theoretical model was well predictable the
observed retention behavior of micro-particles. The parame-
ters used for the model calculation were determined by the ob-
served desorption current. Furthermore, the resolution in the
separation could be controlled by the flow rate and the max-
imum electric current. Modification of silica surface opened
wide possibilities as a tool for the optimization of the reso-
lution. Traditional methods of chromatography using a spe-
cific stationary phase such as the affinity chromatography

polystyrene particles with 0m and 2Q.m in diameters cal-
culated from the results shownlhiigs. 4 and 5The observed
resolutions shown iffables 2 and 3vere in the range from
1.10to0 1.90, which clearly indicated that these particles could
be separated in the effective capillary length of only 1 mm.
Moreover, better resolutions were obtained in higher flow
rate; Rs=1.10, 1.52 and 1.90 for 6 h—1, 80plh~1 and
100pl h~1, respectively. Also, the resolutions were higher
in smaller maximum curren®s=1.10, 1.15, 1.54 and 1.55
for imax=2000p.A, 1500uA, 1000pA and 500uA, respec-
tively, indicating that the weaker pushing force gives the bet-
ter resolution. These improvement of resolutions was mainly were subject to the adsorption affinity of analyte. The ad-

causeq by reducing the deviation of the desprptlon current. vantage of the present method was that the retention profiles
Thus, in the present new method, the separation perfo.rmanc%vere optimized by the flow rate and the maximum electric
could be well controlled by the flow rate and the maximum current. This advantage was attained by the electromagne-
current. o . tophoretic adsorption—desorption cycles of micro-particles.
When a sq_ualane madified capillary was used_, the ob- Bio-particles’ surface was so characteristic that the electro-
served res_olutlon_between polystyrene particles witp.t0 magnetophoresis adsorption—desorption microchromatogra-
and 2Qum in the diameter was as low as 0.47 under the max- phy is promising for effectively characterization and sepa-

; -1
imum current of 200Q.A and the flow rate Of. .6(“ h ; ration of bio-particles according to their size and surface’s
This value was smaller than that by a fused-silica capillary. property.

The adsorption force of polystyrene particles on the squalane
modified surface was significantly reduced in the present of
Triton X-100 and was smaller than that on a fused-silica Acknowledgments
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