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Abstract: An experimental technique is discussed in
which the magnetic susceptibility of immunomagneti-

cellular pH, membrane organization, DNA content, and
probably the most important characteristic from a clinical

cally labeled cells can be determined on a cell-by-cell
basis. This technique is based on determining the mag-
netically induced velocity that an immunomagnetically
labeled cell has in a well-defined magnetic energy gradi-
ent. This velocity is determined through the use of video
recordings of microscopic images of cells moving in the
magnetic energy gradient. These video images are then
computer digitized and processed using a computer al-
gorithm, cell tracking velocimetry, which allows larger
numbers (>103) of cells to be analyzed. © 1999 John Wiley
& Sons, Inc. Biotechnol Bioeng 64: 519-526, 1999.

Keywords: magnetic susceptibility measurements; com-
puter imaging; immunomagnetic labeling; magnetic cell
separation

INTRODUCTION

point of view, the presence of specific surface receptors or
clusters of differentiation (CD) such as CD 4, CD 8, CD 34,
etc. on lymphocytes (Shapiro, 1995).

The fundamental bases of these analytical and separation
instruments are 2-fold: the ability to label the specific cell of
interest with the probe, and the ability to either detect or
differentiate the cell with the bound probe from the rest of
the cells in the suspension. In the case of cell separation, this
bound probe is used as a “handle” to separate the labeled
cell from the other cells in the suspension.

Specific Cellular Probes
A variety of labels are used in a number of different tech-

nologies. The most specific labels are those that bind only to
a narrow class of cell associated molecules. While a number

The ability to analyze and/or separate cells based on thef these highly specific labels exist, i.e., streptavidin, the
presence of specific molecules, either on the surface omost commonly used labels are antibodies. These antibody

within the cell, is a significant tool with applications ranging labels are then usually covalently linked to a molecule, a
from fundamental biological studies to clinical practice. Theparticle, or a support matrix.

development of the technology that allows these analyses
and separations to be conducted has occurred in conjunctiofnalytical Instruments
with the significant advances that have been made in th@nalytical use of the cell labels range from qualitative fluo-
development of specific cellular probes. The sophisticatiorrescence microscopic studies to the much more highly quan-
of these probes led to the increasing knowledge of cellulatitative fluorescence activated cell scanning (FACS) sys-
processes. In many ways, it is the joint development of th@ems. A second and much simpler analytical device is one
technology and the fundamental understanding that hav@hich uses paramagnetic particles covalently bound to an-
contributed to the current state of knowledge of the field. tibodies (Winto-Morbach et al., 1994, 1995, 1996). A fur-
The list of properties/characteristics that can be analyzegher discussion of this device will be given below.
exceeds the objective of this paper; however, examples in-
clude total protein content, cellular pigment content, intra-Separation Instruments
A number of commercial separation systems exist based on
immunological interactions. These can be grouped into im-
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separator series, Dynal AS, Trondheim, Norway; MACS1.0, one can assume thgj is represented by Stokes drag.
system, Miltenyi Biotec GmbH, Bergisch Gladbach, Ger-Mathematically, these forces are expressed by
many; Magnetic Separation System, Immunicon Corp. Hun-
tington Valley, PA). The applications of these magnetic Fm = AaBFy, @)
separation systems run from basic biological and biotech-
nological applications, such as the selection of specific (o _pf)stg
clones to the treatment of human disease, such as the iso- Fg— Fbouz%’ (2)
lation of human stem cells (Gee et al., 1989; Miltenyi et al.,
1990; Radbruch et al., 1994; Busch et al., 1994; Schmitz et
al.,, 1994). Commercial applications of immunosolid/ Fy=-v3mDm, ©)
immunomatrix separations include the attachment of the
specific antibody to the bottom of a vessel (immunopan-WhereA, is the surface area of the cedl,is the number of
ning) (Gard et al., 1996; Madison et al., 1996) and thecell surface markers per membrane surface aeis, the
attachment of the specific antibody to packing materialnUmber of antibody magnetic bead complexes bound per
within a column (CEPRATE, CellPro Inc. Bothell, WA) Cell surface markerf, is the magnetic force acting on one
(Bertolini et al., 1997; Collins et al., 1997; Vogel et al., antibody magnetic bead compleR is the diameter of a
1996). cell, g is the acceleration of gravity, is the magnetically
Since the focus of this paper is on the use and applicalnduced velocity of a cellp; is the density of the fluidp is
tions of immunomagnetic labels, the remainder of the papethe density of a cell, and is the viscosity of the fluid. It is
will focus on this topic. Immunomagnetic labels can bea@ssumed in this derivation that the binding of immunomag-
C|assified into three groups based upon the Size of the paréletic |abe|S does not affeCt the Ce” V0|ume or density. Wh”e
magnetic compound: particulate (on the order of a cell dithe relationship fof,, appears relatively straightforward,
ameter' typ|ca”y 1_5Lm), Co||oida| (on the Order Of 100 Fb iS h|gh|y nonlinear (except ul’ldel’ SpeCia|ized ConditionS)
nm), and molecular (on the order of 10 nm). A number ofand expressed by
particulate and colloidal immunomagnetic labels can be _ >
purchased commercially (Dynal AG; Miltenyi Biotec Fo = AXVLVB™/ 21, )
GmbH; Immunicon Corp.) while the third, molecular, is wherep, is the magnetic permeability of free spadey is
available from research labs (Zborowski et al., 1995). Withthe difference in magnetic susceptibility between the mag-
respect to work presented in this paper, two important pointgetic beady,, and the surrounding mediurg, (saline in this
need to be made: (1) the magnetic moment of a paramagase),V, is the volume of one magnetic bead, aBds the
netic label is proportional to its volume; consequently, par-external magnetic field (Zborowski, 1997). (Note tigtis
ticulate paramagnetic labels exert orders of magnitude vector in the direction of magnetic energy gradient.)
higher forces on a cell than colloidal or molecular; (2) with  |n a previous publication (Reddy et al., 1996), we dis-
the smaller immunomagentic labels, the potential exists t@ussed a method to determine the magnetic susceptibility of
create a proportionality between the force exerted on a labynabeads and 2@m latex beads. In this case, instead of
beled cell and the number of cell surface markers. discrete paramagnetic beads attached to the surface of a cell
Since most cells are not intrinsically paramagnetic andor particle), as indicated in Eq. (1), it was assumed that the
are usually diamagnetic (Chalmers et al., 1998a), unlike thentire particle was paramagnetic. This assumption corre-

intrinsic cell fluorescence of cells observed in FACS SyS-Sponds to an expression for the paramagnetic force on a cell
tems, greater than 3 orders of magnitude in difference be(-or particle) which is similar to Eq. (4):

tween magnetically unlabeled and labeled cells are theoret-
ically possible when colloidal or molecular labels are used. Fo. = AXCVCVBZ/ZMO, (5)

If it is assumed that a one-to-one correspondence exists

between the cell surface marker number and the number &X&e?ﬁ the \|/olume fotfha paramagnettl_c b”e‘d,?:as Ireglacelzld
paramagnetic labels bound to a cell, then it is theoreticall;}"’I e volume of the paramagnetically labeled cell (or

possible to impart a range of at least 3 orders of magnitud@artide)'vc' and the differer_me in the magnetic susce_ptibil-
of magnetization to labeled cells (with well-characterized'” between a paramagnetic bead and the suspending me-

surface markers) compared to unlabeled cells. dium, Ay, is Tep'aced W't.h. a difference be.tween an aver-
aged magnetic susceptibility over the entire cell, or par-
ticles, and the suspending mediumy.. With this

Mathematical Relationship Defining assumption, and a force balance on a particle, Egs. (2-5)
Immunomagnetically Induced Velocity were solved to obtain

As was discussed in a previous report (Chalmers et al., M,

1998a), the fundamental forces acting on an aqueously sus- > T9Ap

pended, paramagnetically labeled cell are magnetic, buoy- Axe = o 2rc— (6)

ant force, gravity and drag, designatéd,, F ., Fq, and }|VBZ|

Fq respectively. Assuming a Reynolds number less than 2
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wherer, is the diameter of the particle (cell). With respect system, immunomagnetically labeled cells flow through a
to immunomagnetically labeled cells, the use of this rela+egion with a known, high magnetic energy gradient. Cells
tionship effectively reports a magnetic susceptibility whichthat are sufficiently immunomagnetically labeled are de-
is averaged over the entire volume of the particle or cell. flected and are deposited on the bottom surface of a glass
surface in the flow channel. With the knowledge of the
magnetic energy gradient and flow condition within the ves-
sel, estimates can be made of the mean magnetic suscepti-
Currently, there exists no practical way to accurately quanbility of the labeled cells.
tify the magnetic susceptibilitydy, of a large number of In a previously published paper (Reddy et al., 1996) we
paramagnetically labeled cells both in terms of a mean andiscussed a technique in which the mean and distribution of
distribution. However, there are reports of several differenthe magnetic susceptibility of populations of two different
techniques that have been used to either measure or approxypes of particles were determined. The two types of par-
mate the magnetic susceptibility of small particles or la-ticles were Dynabeads, used for cell separation, and ion-
beled cells. An early technique is one reported by Gill et alexchange beads that bind the paramagnetic compound,
(1960). This technique used an instrument in which theErCl;. This technique, similar to that of both Gill et al.
movement of an aqueous suspended particle or cell in afl960) and Winto-Morbach (1994, 1995) uses microscopic
experimentally measured magnetic energy gradient was debservations of individual, suspended particles moving in a
termined. The measurement of the particle velocity wasnagnetic energy gradient. However, unlike those studies,
determined through visual, microscopic observations andhese microscopic images were processed using a computer
the use of a stopwatch. With this apparatus, measuremenpsogram, particle tracking velocimetry, PTV, which pro-
were made of polystyrene latex beads and red blood cellsided location and velocity data of individually tracked par-
Winto-Morbach et al. (1994, 1995) developed a techniqudicles. A discussion of the application of this approach on a
which they refer to as “magneto-cytometry,” which is simi- cell, called cell tracking velocimetry, CTV, is discussed in
lar to the technique of Gill et al. (1960) In this technique, the previous publication in the series, “Quantification of
erythrocytes (paramagnetic) or magnetically labeled humagellular Properties from External Fields and Resulting In-
leukemia cells (REH and K562), contained within a smallduced Velocity: Cellular Hydrodynamic Diameter,” by
capillary tube, are placed in a high magnetic field gradientChalmers et al. (1999a). A significant advantage of this
created by an electromagnet. By microscopically determinmethod over all other techniques is that not only can veloc-
ing the number of cells disappearing from the field of view ity and location data be obtained for each cell or patrticle, but
after turning on the magnet, the fraction of the magneticpotential automation allows larger numbers of cells 10
cells can be determined. From this fraction, and usingo be processed.
Scatchard analysis, the authors propose to be able to deter-In this paper, the second of a two-part series, we discuss
mine the number of bound labels per cell. However, thisthe use of the CTV algorithm to determine the velocity of
work is preliminary and a number of significant issues musimmunomagnetically labeled cells in a known magnetic en-
be addressed. First and most importantly, their instrumengrgy gradient. As indicated in Eq. (6), if the values of
does not measure cell velocities, but only the fraction of¥2VB?, cell diameter, solution viscosity, and individual cell
magnetic cells relative to the total number of cells. There-velocity are known, estimates can be made of the magnetic
fore, one cannot directly determine the mean or distributiorsusceptibility of the immunomagnetically labeled cell. In
of the magnetic susceptibility of paramagnetically labeledthe first paper in this series (Chalmers et al., 1999a) the
cells, or indirectly, the receptor density. Second, to deterprocess and limits of the quantification of the movement of
mine accurate values of the mean and distribution of theells due to gravity were presented. In this paper, the use of
magnetic susceptibility of immunomagnetically labeledthis quantification technique to measure the magnetic sus-
cells, a large number of cells need to be evaluated. A typicateptibility of immunomagnetically labeled cells is dis-
FACS histogram contains the results of*ig®lls. Conse- cussed.
quently, without computer automation, the use of the mag-
neto-cytometry device and that of Gill et al. (1960) is lim-
ited to a few hundred cells (Winto-Morbach, 1996, 1995,EXPER|MENTAL METHODS
1994). Third, in the reports on the magneto-cytometer de-
vice, the authors do not report values for #:¥B2. Based Cells
on the design reported, the valuesyVB? are highly non-
linear and rapidly increase as one moves closer to the pol€he quantification of the movement of two types of immu-
piece. Without highly accurate maps ¥fVB2, only rough  nomagnetically labeled cells will be presented: immuno-
estimates of the magnetic susceptibility of a labeled cell camagnetically labeled human lymphocytes and a human
be made. breast cancer cell line, MCF-7 (ATTC, Rockville, MD). The
Zborowski et al. (1995) reported on studies in which procurement and/or culturing of both of these cell lines have
mean measurements of the magnetic susceptibility of imbeen discussed previously (Chalmers et al., 1998a,b; Sun et
munomagnetically labeled cells were determined. In thisal., 1998).

Quantification of Magnetic Susceptibility
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Immunomagnetic Labeling x 1/2" (W x D x H). They were sandwiched between a steel

. . . base and two identical 1018 low-carbon cold-finished steel
The immunomagnetic labeling procedure used for these twg . . .
ole pieces. Magnetic flux is concentrated near the gap

cell types has also been previously published (Chalmers % ) ;

) ; ) .~ formed by the two pole pieces. An interpolar gap of 0.155
zt’s;:(?ShZ’reSL:g sefjrﬁlr%alrggg)tv?/g(-jsgm I(;rtlmlgligneﬂr)(/)tgio?l\?\/-agm is created by an aluminum spacer. A square glass chan-
) 4 b 9p nel is attached to the top of the pole pieces. Magnetically

used. F|rst, a primary mouse antibody agamst the cell SUabeled cells are pumped through tubing into the channel.
face antigen of interest was allowed to bind to the cell. In

: - The coordinate system originates on the top surface in the
the human Iymphocytg case, the antibody was specific to thgenter of the gap. The edges of the pole pieces aye-at

g g ¥ andx = £0.0775 cm. A square, borosilicate glass channel
was a fluorescein isothiocyanate (FITC) molecule (B-D Im"}nominally 1 mm I.D. x 1.4 mm O.D.) rests on the pole

munocytometry Systems, San Jose, CA). For the huma : .
. ; . iece surfaces and is placed approximately 1 cm from the
breast cancer cell, the primary antibody was specific for

. . . front face of the pole pieces. An enlargement of the high-
epithelial membrane antigen (EMA) (Biomeda Corp,, I:Os'lighted region ab%ve an between theg two pole pieceg is
ter City, CA). Next, the cells were labeled with a rat anti-

mouse polyclonal antibody (pAb) conjugated to an iron deX_presented in Fig. 1b. Overlaid on the physical geometry are

- 2 2 - -
tran colloid (MACS microbeads, Miltenyi Biotec GmbH, lines of constanB” and VB* lines, or force lines.
Bergisch Gladbach, Germany).

Quantification of the Magnetic Field

Experimental Apparatus Egs. (4) and (5) suggest that for an induced dipole, the
agnetic force lines are not coincident with the field lines.
his differs from the simple case of the free electric charge.
he physical interpretation of Egs. (4) and (5) is that the
force lines are proportional to the rate of change of field
energy, proportional t82. For paramagnetic material this is
the direction of steepest ascent of B&contours; for dia-
g magnetic particles this is the direction of steepest descent
(Zborowski, 1997). For the rectangular slot magnet used in
these studies, the field analysis can be reduced to two di-
mensions provided the region of interest is far enough away
from the front surface of the poles to neglect the edge ef-
I‘”‘"‘ fects characteristic of the third, dimension (see Fig. 1a,b).
Eg. (4) can be written in component form for magnetic
migration alongk andy coordinates. If we limit the analysis
of cell migration to they direction, therVB? of Eq. (5) and
(6) reduces talB?/dy. The problem of mapping the field is
complicated by the fact that even in the restricted region of
- viewing, the field and gradient change rapidly. Further,
(@ simple functional relationships equating field strengths with
3 position do not exist for this geometry. The rather complex
force lines constant B2 technique of conformal mapping of a line current onto an
channel infinite slot has been applied (Zborowski, 1995). But this
27 wall method results in errors due to the fact that the following
underlying assumptions do not strictly hold: (1) the slot is
infinitely deep and (2) the pole pieces have constant poten-
tial.

We have thus taken the approach of applying the CAE
software program Magneto (Integrated Engineering Soft-
ware, Winnipeg, Manitoba) to map the field. Magneto em-
ploys the boundary element method to evaluate the field for
———— T T our time-invariant 2-D model. Because of geometrical non-

Figure 1a (taken from Reddy, 1996) presents a diagram
the flow channel and magnetic assembly. The magnetirT
field was created by two pairs of neodymium—iron—boron

(Ne-Fe-B) magnets; each magnet had dimension$ &f2

particles in

particles out

channel

steel pole

. —_—
piece

magnets

steel
base

3 2 - 0 1 2 8 uniformities in the third dimension—the effect of pole piece
X mm overhang (Fig. 1a) and the associated attenuation of the
®) usable flux, as well ag component flux leakage, Magneto

Figure 1. Diagram of the experimental apparatus (a) and an enlargemenq)utput m_USt be calibrated against measured values. EXpen'
of the region in which cells are tracked (b). The force lines shown in b aremental field measurements were made along the line of
based on computer simulations using experimentally determined constantsymmetry, in the center of the gap where= 0, with a
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Gauss meter and Hall effect probe (Model 9200 Gauss me- 012
ter and STG920404 transverse probe, F.W. Bell, Orlando,

FL). Magneto was then rerun with different specified values _ 912 1
of the Ne-Fe-B magnet’s residual induction until its output & $

coincided with the field measurements. Maintaining a con- g 0.08 1
stant coercive force of —860,000 A/m, convergence was°
reached with a residual induction of 0.575 T. This enabledo 0.06 1
the prediction of a saturation field inside the interpolar gap,=
B,, of 1.7 T (Fig. 1b).

With the magnetic parameters established for the Magu_
neto model, the model was then used to output a grid of field 902 ]
values over the cell tracking region. The field values were
then read by a Maple (Waterloo, Ontario) program and,
using a five-point numerical differentiation formutdB/dy
was computed at the grid nodes.

Figure 1b is a Maple-generated plot Bf contours, Figure 2. Histograms of the fraction of cell populations £ 1147) with
which define constant magnetostatic potential energy. Lines given velocity (mm/s) for immunomagnetically labeled human lympho-
of magnetic force are orthogonal to tB& contours. These cytes in the magnetic energy gradient.
force lines, in the absence of any additional external force,
define the trajectories of the paramagnetic cells in a stagnant
fluid. As a point of reference, magnitudes of the y compo-0g scale, for immunomagnetically labeled human lympho-
nent of the magnetic force, at either end of one of thesé&ytes in the magnetic energy gradient. The 1147 individual
trajectories lines, points A and B in Fig. 1b, are 3.629 andvelocity data points used to make this histogram are actually
0.213 /mm, respectively. Since cells have a higher densityeach an average, ranging from a minimum of five velocity
than their suspending medium, these trajectory lines argeasurements, to up to 100, depending on the number of
modulated slightly by the effect of the gravity and buoyantframes an individual cell was tracked. For comparison, Fig.
forces. (The force—and the magnetic cell velocity—rapidly3 is @ histogramr( = 637) of the distribution of settling
increase as the corners of the rectangular poles are apelocities of nonlabeled human lymphocytes. This velocity
proached.) data was also presented in the previous paper in the series

Position vectors obtained from particle tracking analysis(see Fig. 7 in Chalmers et al. (1999a)).
were read into another Maple program which interpolated As was discussed previously, the magnetic energy gradi-
between thelB?/dy nodes to give the magnetic force com- entin the apparatus used in this research is highly nonlinear.
ponent for any particle position. Inclusion of this value in In addition, the magnetic energy gradient monotonically
Eq. (6) gave the solution afy for each cell at each video increases as either of the two pole pieces are approached.
frame at which it was tracked. Since the magnetic suscegconsequently, a magnetically labeled cell will experience
tibility is an intrinsic property of the cell, provided the mag- an increasing, attractive magnetic force as it approaches a
netizing field,H, is not so large as to saturate the paramag®ole. This increasing force is manifested by an increasing
netic material of the label, the cells magnetic susceptibilityvelocity as the cell approaches the pole piece and can be
should not change with position. Computing the suscepti-
bility over the tracking range provides an internal check of
the technique.

actio

0.04 -

0.00 -
10 10+ 103 102 10 10°

velocity, (mm/s)

0.12

0.10
Cell Location and Velocity Identification

A combination of microscopic observations, video record-
ing, computer imaging, and the CTV algorithm, were used=
to quantify the movement of immunomagnetically labeled 3
cells in the magnetic energy gradient. A more completeE
discussion of this technique can be found in the companiorg°
paper (Chalmers et al., 1999a).

opulation

Fra

RESULTS

105 10+ 10 102 ) 1l')'1 ‘ ﬁ1'0°
CELL VELOCITIES velocity (mm/s)

Figure 2 is a histogram of the fraction of the cell populationgigyre 3. Histogram of the fraction of cell population (= 637) with a
with a given velocity versus the cell velocity (mm/s), on a given velocity (mm/s) for nonlabeled human lymphocytes.
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visually observed (data not shown). In contrast, for the data .10
presented in Fig. 3 the driving force for the movement of the
cells is gravity, which is constant. This constant force
should result in a constant cell settling velocity which was :
experimentally observed.

The magnetic susceptibilityyy, of immunomagnetically

0.08 -

0.06

f Cell Population
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o
©
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<
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=
QD
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o
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mined by using the velocity data along with the correspond-g 0.04 1
ing position data, the magnetic energy gradient map, andg
Eq. (6). These measurements/of are presented in Fig. 4,

Fra

0.02 4
again, in the form of a histogram as the fraction of cell

population with a specific value afx. As in Fig. 2, each o.ooj

specific data point is the average value\yffor a particular 1e-8 1e-7 1e-6 1e5 1e-4 1e3
cell, the average ranging from a minimum of five measure- AX

ments up to 100 for each individual cell. _ ) _ _ .
The magnetic susceptibility of immunomagnetically la- Figure 5. Histogram of the fraction of cell populatiom (= 1166) with
a given magnetic susceptibilitpy, for breast cancer (MCF-7) cells.

beled breast cancer cells, MCF-7, was also determined. As

with the other data, a histogram is used to present the data

(n = 1166) in Fig. 5. A significant question with the technique described in
this paper is the degree of accuracy of the calculated mag-
netic susceptibility for each tracked cell. There are four

DISCUSSION major sources of experimental error in the determination of

The results presented above demonstrate the ability of th 'agnetic susceptibility: an ipaccurate magnetic energy gra-
combination of a specialized instrument, computer imaging, lent map, the uncertainty W'th. respect to the pos!t|on of thg
and computer algorithms to determine, on a ceII-by-ceII_magnet'C energy reference points, random error in the abil-

basis, the magnetic susceptibility of immunomagnetically'ty of the code to calculate the magnetically induced veloc-

labeled cells. Such a cell-by-cell analysis provides both a'{ty, and random error in the ability of the code to determine

mean and a distribution afy for a cell population. If one the location of the cell (this error could be related to error in

makes the assumption of a proportionality between thé/elocity determination also). An inaccurate magnetic en-

number of immunomagnetic labels bound to a cell and thé&"dY gradient map, or a Sh'.ﬂ n referencg p_omts of an ac-
curate map, should result in a systematic increase or de-

number of cell surface markers on the cell, then this distri- . . o o
bution in immunomagnetic susceptibility is also a measurérease in the calculated magnetic susceptibility in a specific

of the distribution in the cell surface marker number. Tech-C€!l @S itis tracked over a significant number of frames. This

nically, this distribution is also a function of the distribution did, mffact, oceur md_ear[her work beforedmorfi accura;ted
in cell diameter (radius) and any distribution in the volumeMagnetic energy gradient maps were use (not presented).

of the magnetic beads. A more complete discussion of thé)ther errors would result from random variation of the cal-

effect of cell size distribution can found in Chalmers et aI.CUIated magnetic susceptibility of an individual cell as it is
racked over many frames.

(1998a). tracked f

As discussed in the results section, the magnetically in-
duced velocity in this apparatus is a strong function of the
0.12 location of the cell. The closer to the magnetic pole tip, the

higher the magnetic force acting on the cell, which in turn
g 0101 results in larger velocities (which was also visually ob-
% served). Consequently, an immunomagentically labeled cell
:: 0.08 A will accelerate as it moves closer to the pole tip (point A in
< Fig. 1b). However, unlike the velocity of immunomagneti-
é’ 0.06 1 cally labeled cells, the magnetic susceptibility of a cell theo-
g ] retically is not a function of location in our system. There-
g 0.04 fore, a measure of the accuracy of this technique is the
o . variability of the calculated magnetic susceptibility of a spe-
0.02 1 cific cell from frame to frame. Since the CTV algorthim
provides velocity and location data for each tracked cell
0.00 A from a sequence of frames, which corresponds to specific

Te-8 Te-7 Te-6 Te- Te-4 1e-3 time increments, it is possible to calculate an average mag-

X netic susceptibility and a standard deviation over the frames

Figure 4. Histogram of the fraction of cell populatiom (= 1147) with  the cell was tracked. The average magnetlc SuscepUb'.“t'es
a given magnetic susceptibilitpy, for the same cells presented in Fig. 2. were used to create the histograms in Figs. 4 and 5. Figure
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6 is a scatter plotn = 1147) of the standard deviation of Ted
the average magnetic susceptibility versus the avefrgge %

for human lymphocytes, and Fig. 7 is the same type of pIot:.f, 865
(n = 637) for the MCF-7 cells. Note that the axis is g
logarithmic with the same scale used in Figs. 4 and 5. Thisg

type of plot allows one to observe the range of the standarc'g * .

deviation for a given value ofy. 5 “ '
Several observations and points can be made from Figsg 4% 1 IR

6 and 7. First, the standard deviation of the average vaIueé . " s .

of Ax does not significantly change as the value Xof

changes. However, there appears to be a slight upward treng

with higher Ax. We observed when earlier, less accurate,” . ; x. ]

maps of the magnetic energy gradient were used, significant ‘ tod o7 1es s e 1e3

increases in standard deviation &% were observed with AX

increasing values oAy. This is not surprising due to the _ .

highly nonlinear nature of the magnetic energy gradient. A§Ijlg_ure 7. St_ar_]dard deviation of a sequences of measurements of mag-
etic susceptibility, for each cell tracked, versus the mean of that sequence

discussed previously, the magneti(f energy g!‘adient_ variefr preast cancer (MCF-7) cells. As in Fig. 6, the number of measurements
by a factor of 17 over a representative theoretical trajectoryn the sequence varied from 5 to about 100.

(point B to point A in Fig. 1b). Second, while the number of
frames that the cell is tracked varied from 5 to 100, the
distribution of frames tracked was random over the fulldividing the cell velocity by a constant magnetic energy
range ofAy. Third, the range of standard deviation is highergradient and, theoretically, eliminates the error associated
with the MCF-7 cells when compared with the human lym-with the determination of the exact cell location with respect
phocytes. As was reported in the previous paper in thigo the magnetic energy gradient. Experimentally, any in-
series (Chalmers et al., 1999a), both the size and the distrérease or decrease in the cell velocity in the direction of
bution in cell size is greater with the MCF-7 cells than theconstant magnetic energy gradient is then an indication of a
lymphocytes. We have observed that this increase in botMariation of the theoretically constant magnetic energy gra-
size and distribution contributes to an increase in error in thelient.
algorithims ability to locate the center of the cell, which In & previous publication (Chalmers et al., 1998a) we
correspondingly, contributes to greater variation in calcu-discussed the implications that a distribution in cell diam-
lated cell velocities. eters has on one’s ability to separate a cell population into
To reduce one of the sources of potential error in thedifferent fractions based on the cells magnetic susceptibil-
determination of magnetic susceptibility, we have develdty. A relationship was developed, using “theoretical plate”
oped and recently reported (Chalmers et al., 1999b) a ne@nalogies, to relate the number of “plates;or fractions,
magnet design in which the region of cell motion has ainto which a population of cells can be divided. This rela-
nearly constant magnetic energy gradient. This simplifiegionship is based on the cell surface marker densityor
the expression for the magnetic susceptibility, Eq. (6), tomagnetically induced velocityy, the nondimensionalized
standard deviationg*, of the cell diameters relative to the
56-5 mean, and a ternz, which is a statistical term which defines

dar

2e-5 4
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E 1.5 If one makes the assumption that the magnetic susceptibil-

o ity, Ay, is proportional to the cell surface marker density,

the range of magnetic susceptibility reported in this paper,
0 " can be used to define the theoretical number of fractions
1e-8 1e-7 1e-6 1e-5 1e-4 1e-3

AX into which the two cell populations used in this study could
be “fractionated”.

Figure 6. Standard deviation of a sequences of measurements of mag- Chalmers et al (1998a) reported the values dtrfor
netic susceptibility, for each cell tracked, versus the mean of that sequence. ’
The number of measurements in the sequence, (number of frames in Whifﬂuman Iymphocytes and MCF-7 cells to be 0.051 and 0.352,

the cell was tracked), varied from 5 to about 100. This figure presents thé?Sp_e_Ctively- Figure 4 indicates that the rangeAgf with
measurements of the immunomagnetically labeled human lymphocytes. significant numbers of cells toebl x 107 to 2 x 10%, or a
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maximum to minimurmx of 2000 for human Iymphocytes, Williams, PS. 1999a.Quantification of cellular properties from exter-
and Fig. 5 indicates a range Afx of 2 x107to 7 x 104 nal fields and resulting induced velocity: Cellular hydrodynamic di-
or a maximum to minimum\y of 3500 for MCF-7 cells. ameter. Biotechnol Bioeng XX:OOO_OOO'.

. | fo* — 0.102 (Chalmers et al 1998a) E Chalmers J, Zhao Y, Nakamura M, Melnik K, Lasky L, Moore L,
USIUg _ava ueo - i ’ " S g. Zborowski M. 1999b. An instrument to determine the magnetophoretic
(7) indicates that one can theoretically “fractionate” a popu-  mobility of paramagnetic particles and labeled, biological cells. J
lation of immunomagnetically human lymphocytes into 48  Magn Magn Mater. In press.
fractions, and with a value @fs* = 0.704, one can separate Collins P, Watts M, Brocklesby M, Gerritsen B, Veys P. 1997. Successful
immunomagnetically labeled MCE-7 cells into 6 fractions engraftment of haploidentical stem cell transplant for familial haemo-

: phagocytic lymphobhistiocytosis using both bone marrow and periph-
Recemly’ Chalme_rs E'.t al. (_1998b) .and Moore et al. (19_98) eral blood stem cells. Br J Haematol 96:644—646.
reported on a device In V‘{hwh fractionation .Of a pOpU|_at.|9nGard AL, Maughon RH, Schachner M. 1996. In vitro oligodendrogliotro-
of cells based on a distribution of magnetic susceptibility  phic properties of cell adhesion molecules in the immunoglobulin
can be achieved. superfamily: Myelin-associated glycoprotein and N-CAM. J Neurosci

In this paper and the companion paper (Chalmers et al., Res 46:415-426.

1999a), we have discussed the use of external fields, eith&e€ AP Mansour V, Weiler M. 1989. T-cell depletion of human bone
marrow. J Immunogenet 16:103-115.

gravity or magnetlc, energy gradient, microscopic Im,agmg'Gill SJ, Malone CP, Downing M. 1960. Magnetic susceptibility measure-
and computer filgomhms to measure cellular properties ON'a ments of single small particles. Rev Sci Instrum 31:1299-1303.
cell by cell basis. These two reports present results obtainegadison DL, Kruger WH, Kim T, Pfeiffer SE. 1996. Differential expres-
with the use of a novel, analytical device. We are currently  sion of rab3 isoforms in oligodendrocytes and astrocytes. J Neurosci
improving the magnetic energy gradient, the microscopic Res 45:258-268. _ .
imaging, and computer algorithms. With these improve-Miltenyi S’f""“”ﬁr W, V"t‘?'CheC' ‘:V R?dblr;czhﬂA.zéggo. High gradient
ments, we believe it will be possible to combine the mea- magnetic cell separation. Lylomety 5423525,
fcellsi d . ibili h Moore LR, Zborowski M, Sun L, Chalmers JJ. 1998. Lymphocyte frac-

S_urement orcell size an _mag_netlc susceptibility at the same tionation using immunomagnetic colloid and dipole magnet flow cell
time on the same cell. This will allow measurements of cell  sorter. J Biochem Biophys Methods 37:11-33.
surface marker density to be made on a cell-by-cell basis. IRadbruch A, Mechtold B, Thiel A, Miltenyi S, Pfluger E. 1994. High-
addition, improvements in the imaging and computer algoi-  gradient magnetic sorting. Methods Cell Biol 42:387-403.
thims will improve the speed of the analysis. Reddy S, Moore L, Zborowski M, Chalmers JJ. 1996. Determination of the

This improved apparatus will allow us to address a num- magnetic susceptibility of labeled particles by video imaging. Chem

b fi tant ti ith t1o i ti Eng Sci 51:947-956.
er orimportant questions with respect to Immunomagne I('\Schmitz B, Radbruch A, Kummel T, Wickenhauser C, Korb H, Hansmann

Igbeling and, correspondiljgly,_immunomag_ne?ic Seépara- L, Thiele J, Fischer R. 1994. Magnetic activated cell sorting
tions. Some of these questions include the binding kinetics (MACS)—A new immunomagnetic method for megakaryocytic cell
of antibody_magnetic colloids, possible internalization of isolation: Comparison of different separation techniques. Eur J Hema-
magnetic labels, and possible cell-cell interactions, such as ! 52:267-275. _
“drafting” effects when a sufficiently high concentration of Shapiro H. 1995. Practical flow cytometry. New York: John Wiley &

. . . Sons.p 1.
Immunomagnetic cells is used. Sun L, Zborowski M, Moore L, Chalmers JJ. 1998. Continuous, flow-

through immunomagnetic cell separation in a quadrupole field. Cy-
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