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Magnetic susceptibility has been studied diversely in material solution flows into the center of the branches and solutions A and
sciencé, mineralogy? and biomedical researthbecause it is B of differenty are injected through the other inlet ports (Figure
determined by the combination of constituent elements, electrons, 1).
chemical bond, and bortbond interactiofirevealing information While magnetophoresis as a control experiment was carried out
about molecular property and composition. Determination of using gadolinium paramagnetic diethylenetriamine-pentaacetic acid
magnetic susceptibility in a material is also significant in magnetic (Gd-DTPA) solution both for solutions A and B in Figure 1,

resonance (MR) imaging or MR spectroscépyloreover, mag-  iSomagnetophoresis was demonstrated undey, tipeadient using
netophoresis based on magnetic susceptibility of materials has bee3d-DTPA (125 mM) and diamagnetio-glucose (9.3 wiv %)
prominent in the demonstration of microparticle analjdisell solution (solutions A and B, respectively). For theoretical verifica-

separatior, immunoassa$, and single-walled carbon nanotube tion, we established an analytical model composing several func-

purification2° employing recent microfabrication techniques and a ions of magnetic drag velocityi(t,x), ¥ gradientK(t,x), magnetic

cell tracking velocimetry method. These achievements offered not flux density gradientB(x), and particle velocity driven by the

only the magnetic susceptibility determination but also the continu- Parabolic flow profile,vy(x) (Supporting Information),

ous separation of the particles having different magnetic susceptibil-

ity. However, despite the recent successful applications, a crucial V,(tX) = —

improvement of magnetophoresis should be ahead of further critical x

application for delicate discrimination and simultaneous separation

of various materials. whereV(t,x) is the magnetophoretic velocity at tihés) at position
Here we report an improved magnetophoretic method, isomag- ©f X, Ris the radius of a particle (about 7.8n), x, andK(t,x) are

netophoresis, employing the magnetic susceptibilify dradient the volumetric magnetic susceptibility of a particle and fluid,

across a microchannel applied by magnetic field and we have respectivelyB(x) is the magnetic flux density gradient3m), uo

successfully discriminated the polystyrene (PS; 14:78.20 um is the vacuum permeab‘ili'.fy, angis the dynamic viscosjty of fluid.

in diameter), poly(methyl methacrylate) (PMMA; 15.80 0.77 B(x) was estlma_lted by finite element method magnetics (FEMM)

um), and borosilicate (BS; 14.G¢ 1.00um) microspheres, where and they gradient,K(t,x), was calculated by the concentration

PS and PMMA have similar diamagnetic susceptiiilthat cannot gradient of each solution in accordance with Wiedemann'’s additivity

13 i i -
be distinguished by conventional magnetophoresis. Because théavl‘" . The concgntraﬂgn gradlehnt f(,)f,Gd :DTPA arnﬂg*u%ongD
magnetophoretic mobilitym, of a particle is in proportion té\y solution was estimated using the finite element method ( )

between a particle and surroundirfgg, is difficult to discern ACE’L_) and an analytical eguatlon, Wh.'Ch were conflrmec_i_by
- . . experimental results (Supporting Information). The lateral positions
between the particles having the subtle differencesyofn .
. . . : of the particles were observed by a CCD camera and analyzed by
conventional magnetophoresis. Moreovarjs also directly pro-

portional to the volume of a particle making it hard to be used for an Image-processing program.

o : . o . In Figure 2a, the lateral positions (18.521.58um (n = 247)
discriminating particles with a certain size deviation. Isomagneto- _ . :
) I and 18.20t 6.61um (n = 802), respectively, whereis the number
phoresis, however, enhances the mobility distinction undeythe

) ) i . . of the particles) of PS and PMMA particles are overlapped so that
gradient of the surroundings, and ideally particles migrate and stay ihe two types of materials cannot be distinguished. Also a broad

at the net position where theof particles and of the surroundings deviation of the lateral position (PMMA and BS (52.335.33
are equal. This principle has an analogy with isoelectric focusing um (n = 1097)) results from a large size variation of the particles,
(IEF),"* but they gradient is generated by diffusion of two kinds 54 this deviation is proportionate to the size variation as described
of solution while the pH gradient is created by electrodes aside of j, ¢q 1. |somagnetophoresis, however, in Figure 2b exhibits the
the microchannels in IEF. Consequently, tpeprofile of the pronounced difference of the lateral position of PS (1768.62
surrounding solution across the microchannel varies as the particles,m (n = 576)) and PMMA (30.44k 3.48um (n = 406)) particles
flow along the microchannel owing to the diffusive mass transport. providing the enhanced discernible capability. Furthermore, it
Therefore, we can achieve the ideal isomagnetophoresis if the remarkably reduces the deviation width of the particle position for
stationaryy gradient is created over the microfluidic channels gl types of particles because the isomagnetophoretic migration is
employing the hydrogel layé?. attenuated by the isopoint gfand the particles stand in the vicinity
The microfluidic device was fabricated by poly(dimethyl- of the their isopoint without regard for the particle size.
siloxane) (PDMS) micromolding processes, and the PDMS chan-  As stated above, the ideal condition for isomagnetophoresis
nels, slide glasses, and nickel microstructures were assembled byequires the static gradient gf,iq over the microfluidic channels,
the processes previously reportédhe microfluidic device consists  but the present device scheme does not provide the statignary
of single outlet and three inlets, where the particle-containing profiles because of diffusion. Therefore, for theoretical consideration

2R(, — K(t,X)B(X)
uqhy

)
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isomagnetophoresis compared to magnetophoresis, we newly define
the (iso)magnetophoretic distinction coefficient in the microfluidic
devicesD = AX/Ayparicie WhereAx (1076 m) andAyparicie are the
difference in the lateral positions of certain kinds of two particles
at the outletP andQ, Ax = xp — Xg) and in magnetic susceptibility
(Axparicle = xp — x0q), respectively. We estimatellyag and Diso,
considering if the particl® is polystyrene and considering thas
varies from—0.75x 10%to —15.75x 107%. As depicted in Figure

(a) solution A
particle

inlet

magnetized
nickel microstructure

solution B

tb) Tn_p view of

wan ic flux density gradient 3b,c, isomagnetophoresis provides larBgg (1.62) compared to
soltion 4= W 2 M ﬁ\ Dmag(0.67), and moreover, it minimizes the position errors caused
mﬂ. " "'I‘\:" ; - PMMA L™ by size variatioqs of the particles, suppgrting the results in Figure
j_v oo Vit & _ (j \5m o 2. The dashed-lines (upper and lower) in Figure 3b,c present data
- when the particle diameter &fis 15.0um and the particle diameter

I |P5
L

of Qis 16.0um and 14.Qum, respectively.

Figure 1. Schematic of isomagnetophoretic discrimination process of  Although isomagnetophoresis demonstrated in this paper is rarely

fneil(r:tr'glffjdirlaz;]ne?mf;bﬂe difference of magnetic susceptibilig) (n a considered to provide tools for single molecular magnetic suscep-
tibility anisotropy, we expect that it can pave the way for the

improved magnetic manipulation and sorting of the various materi-

s
=

= 8 (@) ——PS ] < &l (b) —=—PS ] als including cancer cells, nucleic acids, proteins, and carbon
T i T Bresiicate 2 ol 2 Perceiicate | nanotubeg?1s discerning the subtle difference in orientation-
§ " % © averaged magnetic susceptibility as we modulate magnetic suscep-
s A ] s ] A/‘\ ] tibility of the injected two solutions and optimize the experimental
7 /\\“ 5 2 | \ 1 condition using the analytical model.
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