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ABSTRACT

In this presentation we introduce a passive
magnetically biased microsystem for the magnetophoretic
control of micro/nanoparticles, and a model for predicting
its performance. The microsystem consists of an array of
integrated soft-magnetic elements embedded beneath a
microfluidic channel. The elements are polarized by a bias
field, and produce a nonuniform field distribution that gives
rise to a magnetic force on particles as they flow through
the microchannel. We use analytical expressions for the
dominant magnetic and fluidic forces on the particles, and
solve the equations of motion to study particle transport
within the microsystem. We show that the microsystem is
capable of efficient particle capture, and discuss its use for
biomedical applications.
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total  analysis  system, magnetic  bioseparation,
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1 INTRODUCTION

The interest in magnetophoretic microsystems is
substantial and growing rapidly due primarily to biomedical
applications such as bioseparation where magnetic particles
are used to label, manipulate, and immobilize biomaterials
such as cells, enzymes, proteins, and DNA [1]. There has
been a rapid increase in the applications of magnetically
functional microsystems due to advances in microfluidic
technology, and the development of functionalized
magnetic particles that can selectively label, isolate, and
transport a target biomaterial.

Magnetophoretic microsystems are well suited for
bioapplications because they enable (i) fast reaction times,
(i) efficient coupling between the applied field and
magnetically labeled biomaterial, (iii) the analysis and
monitoring of small samples (picoliters), and (iv) the
integration of “micro total analysis systems” (WTAS).

In this presentation we introduce a passive
magnetophoretic microsystem, and present a model for
analyzing its performance. We also discuss its application
to biomedical science. The microsystem consists of an

array of integrated soft-magnetic elements embedded in a
nonmagnetic substrate, beneath a microfluidic channel

- I — Bias Field Structure
x
(a)

(© Vi

== Microchannel

- 5y >
Sy ——»
Bias Field «—— 5 ——
Element (0) (b)

Figure 1: Magnetophoretic microsystem: (a) microsystem
and bias magnets, (b) cross sectional view showing
embedded magnetic elements and reference frame, and (c)
0’th magnetic element with reference frame.

(Fig. 1). A bias field is used to magnetize the elements,
which in turn produce a magnetic force on particles within
the microchannel. We model the behavior of the particles
using analytical expressions for the dominant magnetic and
fluidic forces. Specifically, we apply these expressions to
the equations of particle motion, which are solved
numerically to study particle transport within the
microsystem. The model takes into account key variables
including the size and properties of the particles, the bias
field, the dimensions of the microchannel, the fluid
properties, and the flow velocity. We use it to study particle
transport, and our analysis demonstrates that the
microsystem is capable of efficient particle capture, which
makes it a viable candidate for a variety of bioapplications.
The analysis also shows that the particles exhibit an
oscillatory motion as they traverse the microsystem, which
could be used to characterize fluids at the micro or
nanoscale.
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2 THEORETICAL MODEL

Particle transport in a magnetophoretic microsystem is
governed by various factors including (a) the magnetic
force due to all field sources, (b) the fluidic drag force, (c)
inertia, (d) gravity, (e) buoyancy, (f) thermal kinetics, (g)
particle/fluid interactions (perturbations to the flow field),
and (h) interparticle effects such as (i) magnetic dipole
interactions, (ii) electric double-layer interactions, and (iii)
van der Walls force. For magnetophoretic applications
involving submicron particles in dilute suspensions, the
magnetic and viscous forces are dominant, and we predict
particle motion using Newton’s law,

m d% —F, +F,> M

P
where m, and v, are the mass and velocity of the particle,
and F_ and F, are the magnetic and fluidic forces

respectively. The inertial term m, de / dt is small, but
we include it here to obtain greater accuracy during periods
of high acceleration. The magnetic force is given by

F, =1,V,(M,eV)H,, (@)

where V and M are the volume and magnetization of

the particle, and H_ is the applied magnetic field intensity

inside the particle (taken to be at the center of the particle).
The fluidic force is based on Stokes’ approximation for the
drag on a sphere

F, =—-67nR (v, -v,), 3)
where 77 and V,are the viscosity and the velocity of the
fluid, respectively.

This approach does not take into account
Brownian motion, which can influence particle capture

when the particle diameter Dp is sufficiently small. Gerber

et al. [2] have developed the following criterion to estimate
this diameter

[F|D, <kT, )

where |F| is the magnitude of the total force acting on the

particle, k is Boltzmann’s constant, and T is the absolute
temperature. For example, for Fe;O, particles in water in a
single wire capture mode, the threshold diameter

D, = kT/|F| is 40 nm [2]. For particles with a diameter

below this value one solves the following advection-
diffusion equation for the particle number density ¢, rather
than the Newtonian equation for the trajectory of a single
particle,

§+VOJ=O, (5)
ot

where J=J,+J, is the total flux of particles, which
includes a contribution J , =—DVc due to diffusion, and a

contribution J r =VC due to the action of all external

forces.

2.1 Magnetic Force

Analytical expressions for the magnetic force in the
microsystem have been previously derived [3]. To
determine the magnetic force, we need an expression for
the magnetic response of the particles. We use a linear
magnetization model with saturation in which

M, = f(H)H, (6)
where
Wo-n) oy [oz)o3)y
(2,—7:)+3 Mz-2) ) 7. ()
SH,)=
wom w3y
v T 3g-a) ) 7

M, is the saturation magnetization of the particle, and

and y, are the susceptibilities of the particle and fluid

respectively. The field components due to a single magnetic
element of width 2w and height 2h that is centered with
respect to the origin in the x-y plane and magnetized to

saturation Mes (Fig. 1c) are as follows [3], [4]

H(O)(x y):Mes In (X+W)2+(y_h)2
@ 4 (x+w)Y +(y+h)’

T (x-w)’ +(y—h)’
x-w)Yl+(+h)?* ||’
2h(x +w)

O 5 1) = Mes | o

; { 2h(x - w) }}
— tan .
(x-w)2 +y2 -n

Let N, denote the number of elements in the array, and let
the fist element be centered with respect to the origin in the
x-y plane. All other elements are positioned along the x-
axis as shown in Fig. 1b. We identify the elements using the
index n = (0,1,2,34, ..., N, -1). The field components due
to the first element (n = 0) are given by Egs. (8), (9). The

n’th element is centered at X =, , and its field and force

and

components can be written in terms of the 0’th components
as follows:
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HY(x,y)=H.(x=s,,)

n=123,.) 10
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The total field of the array is obtained by summing the
contributions from all the elements,

N,-1
H,(x,y)= D H (x=s5,.), (1n)
n=0
N,-1
Hey(xay):zHe()?)(x_Snay)’ (12)

n=0
The force components are given by [4]

E.(xy)= ﬂonf(Ha)H Z H) (x— Snay)j

n=0

[NZI 8H£f)(x—sn,y)J

n=0 ax

(13)
N,-1
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n=0

N-1 (0) _
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n=0 ay
and
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= He()(/))('x_sn’y)
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n=0 ay

In Egs. (13) and (14) we have assume that the bias field is
constant and in the y-direction.

2.2 Fluidic Force

The fluidic force is based on Stokes’ drag on a sphere. We
assume fully developed laminar flow in the microchannel,
and use a 2D approximation for the flow velocity profile.
The, fluidic force is given by

_ 2
F, =—67nR,, , [VX —%{1-[#) ”’ (15)

and

(14)

F, =—6anR,, .V, (16)

where hand /i are the half-heights of the magnetic
elements and channel, respectively, V, is the average fluid
velocity, and Rp,hyd is the effective hydrodynamic radius,

which can be different than the particle radius Rp if a layer

of biomaterial is bound to the surface of the particle [3].

23 Equations of Motion

The equations of particle motion through the
microsystem can be written in component form by
substituting Eqgs. (13) - (16) into Eq. (1),

dv, _
m=*=Fp (%, y) = 6mnR (17)
v 3% [(x=tehr))
2 h,
dv,

m—>=F,, (y)=6mR, v, (9
v _dy (19)

Vx (t) dt R Vy(t) dz .

We solve these coupled equations using the Runge-Kutta
method.

3 APPLICATIONS

The microsystem can be used for numerous
bioapplications including bioseparation. We demonstrate
this by studying particle transport in it. Specifically, we
study the behavior of magnetite (Fe;O4) particles in a
microsystem with a fluid channel that is 80 um high, 1 mm

wide, and 5 mm long (/,= 40 pm). The fluid is
nonmagnetic ( ¥, =0), and has a viscosity and density
equal to that of water, 77 = 0.001 N-s/m’, and Py = 1000

kg/m® - There are 15 permalloy (78% Ni 22% Fe,
M, =8.6x10° A/m) elements embedded immediately

beneath the microchannel [3]. Each element is 80 um high,
and 160 pm wide (/=40 pm, w= 80 um), and they are
spaced 80 um apart (edge to edge). We assume that a bias
field of 0.25 T is applied, which is sufficient to saturate the
elements.

The Fe;0, particles have the following properties:

R = 50 nm, p, =5000 kg/m’, and

i
M,, =4.78x 10° A/m. The magnetization function (7) for

these particles reduces to
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3 H, <M, /3
SH)= - @0

M,, /H, H,>2M_ /3
We assume that each particle carries surface-bound
biomaterial that increases its effective hydrodynamic radius
to R Dy

radius is used to compute the fluidic drag force (15)-(16).

We study the behavior of a particle as it moves through

the microsystem. We assume that the particle enters the
microchannel to the left of the first element at

x(0) =—5w, and compute its trajectory as a function of
p jectory

= 55 nm, an increase of 10%. This effective

its initial height above the magnetized elements: Ay = 4
pm, 8 pm, ..., 60 um (i.e., initial heights of y(0) = 44 pm,
48 um, ..., 100 pm). The average fluid velocity is
V=5 mm/s, and the particle enters the channel with

this velocity. The predicted trajectories are shown in Fig 2.
The analysis indicates that all of the particles that enter the
microchannel at a height Ay < 60 um above the elements
will be magnetically attracted to the bottom, where they
will be held in place (captured) by the horizontal magnetic
force. Notice that the particles exhibit an oscillatory motion
as they flow through the channel. This is due to the periodic
nature of the magnetic force above the elements, and could
potentially be used to characterize the rheology of the
transport fluid [3]. A normalized plot of the distribution of
captured particles is shown in Fig. 3.
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Figure 2: Particle trajectories showing particle capture
in the microsystem.

0%

Nermalized Particle Distribution

0z

0 500 1800 1500 2000 250 000 500
Distance Along Microsystem (umj)

Figure 3: Normalized particle distribution showing
variations in particle capture along the microsystem.

The capture time in this microsystem is on the order of
minutes, which makes it well-suited for rapid separation of
biomaterial from small specimens.

The microsystem also has the potential for use as a
blood cell separator [5]. In this mode of operation the flow
in the microchannel is aligned with the gravitation force.
Deoxygenated red blood cells (RBC) and white blood cells
(WBC) (which exhibit paramagnetic and diamagnetic
behavior in plasma, respectively) are introduced at the top
of the microchannel, and are separated from one another
as they flow down trough the channel due to the oppositely
directed forces that they experience (Fig. 4b).

Figure 4: Microsystem for continuous separation of red
and white blood cells (RBC and WBC).

4 CONCLUSIONS

We have presented a passive magnetophoretic
microsystem, and a model for predicting its performance.
The model is analytically-based, and well-suited for
parametric design and optimization. The microsystem and
model can be applied to the development and optimization
of novel devices for bioapplications such as bioseparation.
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