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Abstract—Magnetic cell sorting is gaining in popularity as a method to separate and recover viable cells
which differ in functionality, but not in physical characteristics. We are developing a continuous cell sorter
to overcome the restrictions of current batch methods, which are limited in their throughput and separation
efficiency and which can also subject cells to potentially detrimental physical stresses. Of primary import-
ance in the design and operation of a continuous magnetic cell sorter is the degree of cell magnetization,
which is characterized by a property called the magnetic susceptibility. Current techniques for measuring
susceptibility give only population average values. We describe here a video-based technique for quickly
measuring the susceptibility of large numbers of individual particles. Paramagnetic particles are pumped
across the interpolar gap of a permanent magnet and the magnetic field-induced deflections are recorded by
video microscopy. Susceptibility is computed from force balances and the measured velocities for individual
particles. Our results show that this method can provide susceptibility values which agree well with values
obtained from other established methods, while additionally providing population statistics not available

by the other methods. The versatility of this method is also demonstrated.

INTRODUCTION

Cell separation is becoming increasingly important in
the diagnosis and treatment of various cancers and
diseases. Magnetic cell separation is gaining in popu-
larity due to its ease of use, speed, and selectivity.
Current systems operate batchwise, with separate
loading and eluting steps. Therefore, they are limited
in their throughput and separation efficiency and also
subject cells to potentially detrimental physical stres-
ses. We are developing a continuous-flow magnetic
cell separator to overcome these restrictions. Essential
to the design and operation of such a device is
a method to measure the magnetic susceptibility of
labeled cells.

The susceptibility of a cell indicates how responsive
it is to an applied magnetic field. Paramagnetic par-
ticles have positive susceptibility and move toward
increasing magnetic field intensity. Diamagnetic par-
ticles have a negative susceptibility and move away
from increasing magnetic field intensity. Unlabeled
cells in isotonic medium are slightly diamagnetic and
will be responsive to only very high magnetic fields.
Cells are rendered paramagnetic by labeling with
paramagnetic compounds such as ferritin (Odette
et al., 1984; Zborowski et al., 1991, 1995) or erbium
chloride (Graham and Selvin, 1982, Zborowski
et al., 1993) or by labeling with paramagnetic micro-
spheres such as Dynabeads (Dynal, Lake Success,
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NY) or MACS microbeads (Miltenyi Biotec Inc., Sun-
nyvale, CA).

Susceptibility measurements generally involve
measuring the weight displacement of the sample un-
der the influence of a magnetic field. The two most
common ways of measuring susceptibility are the
Faraday and Gouy methods (Cullity, 1972). The Fara-
day method requires a sample of known susceptibility
to be used as a reference for the unknown sample. The
Gouy method provides an absolute measure of sus-
ceptibility, but requires a large amount of sample
(about 10 cm?) and an accurate measurement of the
magnetic field. Two recent publications described new
methods for measuring susceptibility (Protchenko
and Bochkarev, 1990; Davis, 1993), but both were
basically modernizations of the Faraday and Gouy
methods. These methods are generally used for solid
materials, but may be applied to solutions of para-
magnetic materials.

Current technology allows susceptibility deter-
mination of solids or solutions by NMR or SQUID
susceptometer. SQUID (Superconducting Quantum
Interference Device) susceptometers incorporate
semiconductor technology and are reportedly the
most sensitive devices for measuring magnetic flux
(Cantor et al.,, 1993). These types of devices are diffi-
cult to operate and very expensive.

None of the above methods are appropriate for
measuring the susceptibility of individual particles in
liquid medium. Labeled cells typically have low vol-
umetric susceptibilities; so, very large volumes would
be required to even obtain a total population value
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with the above techniques. Furthermore, if the cells
are desired in a viable state, then the method for
susceptibility measurement must be gentle to the cells
and adaptable to sterile operation.

One method for measuring the susceptibility of
particles is the “isomagnetic” method {Russell et al.,
1987). The particle of interest is placed in a solution of
a paramagnetic salt in a magnetic field. The concen-
tration of the salt is adjusted until the particle does
not migrate, indicating that solution susceptibility is
equal to particle susceptibility (see below). The solu-
tion susceptibility is calculated from the known molar
concentration and the molar susceptibility of the salt.
The drawbacks of this method are that particles must
be analyzed one-by-one, the concentration of salt
must be repeatedly changed by trial-and-error, the
lanthanide salts typically used (e.g. erbium chloride)
tend to bind to the particles changing the susceptibil-
ity, and finally, cells cannot be easily analyzed ascepti-
cally nor recovered unaffected by the lanthanide salt.

Other methods for determining particle susceptibil-
ity involve measuring particle velocity in a magnetic
field. In one very old study, the velocity of a particle
was estimated by using a stopwatch and timing the
particle deflection observed through a microscope
(Gill et al., 1960). Magnetic force was generated by
placing the particle in the interpolar gap of an elec-
tromagnet. In other studies, the velocity of a particle
was indirectly estimated by fitting various models to
the particle trajectory which was recorded on a video
system (Takayasu et al, 1982; Bahaj et al, 1989).
A single wire HGMS (High Gradient Magnetic Separ-
ator) provided the magnetic force in both cases. All of
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these methods do provide a means of estimating the
susceptibility of a single particle in solution. However,
the results by these methods are inexact because nei-
ther the particle velocities nor the magnetic field
intensity and gradient are known accurately. Further-
more, particles must be analyzed one-by-one and can-
not be recovered afterward.

We have developed a video-based method for accu-
rately measuring susceptibility of labeled cells or par-
ticles in liquid medium in a manner which is non-
invasive and non-destructive. We are able to obtain
instantaneous magnetic deflection velocities in
a well-characterized magnetic field. Absolute suscep-
tibilities are obtained and hence standards are not
required. Both paramagnetic and diamagnetic deflec-
tion can be analyzed. Also, multiple particles can be
analyzed simultaneously and hence susceptibilities of
large numbers of particles can be quickly obtained.
This further provides valuable statistical information
on a given population of particles. Permanent mag-
nets are used which are very powerful, but fairly
inexpensive. The system is intended for analysis of
low-susceptibility particles (order 10~ cgs units), but
is easily adjustable for very high susceptibility par-
ticles like Dynabeads (approx. 0.02 cgs units). Our
system is illustrated in Fig. 1.

Our objective here is to establish our procedure as
a feasible and desirable method to measure the sus-
ceptibility of magnetically-labeled particles. Commer-
cially-available Dynabeads (used in cell separation) of
known susceptibility were used to demonstrate the
accuracy of the system. Paramagnetic particles of size
and susceptibility comparable to labeled cells were
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Fig. 1. Magnet system for measuring susceptibility. Two pairs of magnets are sandwiched between a steel
base and two steel pole pieces. An interpolar gap of 0.155 cm is created by an aluminum spacer. The glass
channel is taped to the top of the pole pieces. Particles are injected via syringe and tubing connected to the
channel. The coordinate system originates on the top surface in the center of the gap. The edges of the pole
piecesareat y = 0and x = + 0.0775 cm. The depth of the gap is 0.635 cm. Note that the system is mounted
upside-down such that gravity acts in the positive y-direction. The highlighted region of analysis is where
the magnetic force is concentrated. The microscope was focused on this region. The force balance of
a particle in this region is shown in enlarged view in Fig. 2.
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used to illustrate the applicability of the system to
measure susceptibility of labeled cells. Erbium chlor-
ide (ErCls), a paramagnetic salt, was used to make
ion-exchange beads paramagnetic (Moore, 1994). Er-
bium ions concentrate on beads, but are still present
in solution. The higher concentration of erbium on
beads makes the beads paramagnetic with respect to
the solution. We also used anion-exchange beads to
illustrate that diamagnetic deflection can be analyzed.
These beads were also used in an ErCl; solution.
Anion-exchange particles exclude erbium ions so the
higher bulk erbium concentration results in the beads
being diamagnetic with respect to the solution.

THEORY

Our method of calculating magnetic susceptibility
relies simply on solving the force balance of a para- or
diamagnetic particle in a magnetic field. Figure 2 illus-
trates the forces experienced by a paramagnetic par-
ticle in our system. The magnetic force in the y-direc-
tion on a particle in a magnetic field B (see Fig. 3) is
given by (Purcell, 1985; Zborowski et al., 1995)

VA B 2B i
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where Ay is the volumetric susceptibility difference
between particle and solution, V is the particle vol-
ume, and p, is the magnetic permeability of free space.
The negative sign indicates that magnetic force acts in

paramagnetic with respect to the solution; if Ay is
negative, then the particle is diamagnetic with respect
to the solution; if Ay is zero, then the particle will be
isomagnetic with respect to the solution and will not
experience any magnetic force. Our magnet system
with the interpolar gap can be modeled as an infinite
slot so that the z-component of the magnetic field
(parallel to the slot) and gradients in the z-direction
are negligible (Weber, 1960; Zborowski et al., 1995;
also see Appendix).

The gravitational force in the y-direction on a par-
ticle is given by the buoyancy force

F,=Vg(ps — p) (2

where p, is the particle density and p is the fluid
density,

Finally, the drag force on a particle in a fluid is
given by the Stokes equation

Fa=6mR,v, 3

where # is the fluid density, R, is the particle radius,
and v, is the y-component of the particle velocity.
Stokes equation is generally used for Reynolds num-
bers less than 1 and dilute particle suspensions (vol-
ume percent less than 0.1%). All particle velocities for
this work corresponded to Reynolds numbers less
than 0.01 while particle volume percent was much less
than 0.01%.
The force balance on a particle yieids

the — y direction. If Ay is positive, then the particle is (mass)*(acceleration) = F,, + F, + F,. 4)
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Fig. 2. Enlarged view of Fig. 1 near the interpolar gap. A free-body diagram is shown for a particle near the

interpolar gap. Recall that there is no fluid velocity so the only force in the negative y-direction is due to the

magnetic field. Note that gravity acts in the positive y-direction. Particle motion is hindered by gravity and
hydrodynamic drag.
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Fig. 3. Model of the interpolar gap in Fig. 2 as an infinite (in the negative y-direction) slot. The slot width is

designated as 2a where a = 0.0775 cm. The field lines represent lines of magnetic flux. Magnetic force is

directed along the equipotential lines, which are everywhere orthogonal to the field lines. Note that the field

lines are concentrated near the gap, indicating higher magnetic field gradients. Force increases with
increasing gradients as illustrated by eq. (1).

For the fastest-accelerating particle in this study, the
inertial term (order 10~ ') was 5 orders of magnitude
less than the magnetic and drag forces (both order
107°). Therefore, we may set the left-hand side equal
to zero. Substituting egs (1), (2), and (3) into eq. (4) and
rearranging results in the following expression for Ay:

18 2B 0B
Ay =po {[ sz’" +9(ps —p)}/[Bxa—xy +By6—yy]}-
(5)

Particle velocities are obtained by video tracking
and magnetic field values are obtained from a combi-
nation of actual measurements and modeling. Each
velocity data point for each particle results in a sus-
ceptibility value for the particle. Note that the suscep-
tibility of a particular particle is a constant and hence
multiple data points for each particle provides
a measure of the consistency and precision of our
method. Furthermore, calculation of susceptibilities
of many particles provides statistical information of
the sample.

MATERIALS AND METHODS

Magnetic apparatus

Four neodymium-iron—-boron magnets of dimen-
sion 2" x 2" x3” were used in pairs along with two
identical 1018 low-carbon cold-finished steel pole
pieces and a steel base as shown in Fig. 1. Magnetic
flux was concentrated near the gap formed by the pole
pieces (see Fig. 3). The pole pieces were separated by
an aluminum spacer of thickness 0.155 cm. The depth

of the gap was 0.635 cm. The magnet and pole pieces
were bolted to a holder which allowed precise hori-
zontal and vertical movement of the magnet system
(not shown). The magnet system was mounted “up-
side down” (pole pieces are below the magnet) so that
the magnetic force and gravitational force act in op-
posite directions (see above).

Flow system

The flow system consisted of a square borosilicate
glass channel (3.1 mm 1.D., 4.3 mm O.D.) connected at
one end to a disposable 10cc syringe by silicone
tubing. The other end drained into a waste vessel. The
ends of the channel were bent so that it could be
placed, flushed against the pole pieces or spacer, with-
out interference from the tubing (see Fig. 1). A plexi-
glass spacer of approximately 0.6 cm thickness was
placed between the channel and pole pieces for the
Dynabead experiments. This was done because the
susceptibility of Dynabeads is relatively large so the
channel had to be moved to a region of lower mag-
netic force where the particle velocities were slow
enough to allow video tracking. Force decreases with
distance from the interpolar gap.

Video system

Particle deflection was observed with an Olympus
microscope using a 5X objective. Light was supplied
internally through the microscope by a Fiber Lite
(Dolan-Jenner, Lawrence, MA) fiber optic light source
without the fiber optic cable. An additional Fiber Lite
with fiber optic cable was used for the Dynabead
experiments because a higher magnification was used






