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ABSTRACT The existence of unpaired electrons in the four heme groups of deoxy and methemoglobin (metHb) gives these
species paramagnetic properties as contrasted to the diamagnetic character of oxyhemoglobin. Based on the measured
magnetic moments of hemoglobin and its compounds, and on the relatively high hemoglobin concentration of human
erythrocytes, we hypothesized that differential migration of these cells was possible if exposed to a high magnetic field. With the
development of a new technology, cell tracking velocimetry, we were able to measure the migration velocity of deoxygenated
and metHb-containing erythrocytes, exposed to a mean magnetic field of 1.40 T and a mean gradient of 0.131 T/mm, in
a process we call cell magnetophoresis. Our results show a similar magnetophoretic mobility of 3.86 3 10�6 mm3 s/kg for
erythrocytes with 100% deoxygenated hemoglobin and 3.66 3 10�6 mm3 s/kg for erythrocytes containing 100% metHb.
Oxygenated erythrocytes had a magnetophoretic mobility of from �0.2 3 10�6 mm3 s/kg to 10.30 3 10�6 mm3 s/kg, indicating
a significant diamagnetic component relative to the suspension medium, in agreement with previous studies on the hemoglobin
magnetic susceptibility. Magnetophoresis may open up an approach to characterize and separate cells for biochemical analysis
based on intrinsic and extrinsic magnetic properties of biological macromolecules.

INTRODUCTION

Early studies on the magnetic susceptibility of hemoglobin

have helped to elucidate the molecular and electronic

structure of the chemical bonds in the heme group depending

on the oxidative state and oxygen binding of the iron atom.

Early work by Pauling, Coryell, and others indicated that

there is a profound change in the character of chemical bonds

between the iron atom and the rest of the heme group and the

globin chain as a result of oxygen binding: in deoxygenated

ferrous hemoglobin, the bonds are purely ionic whereas in

oxygenated ferrous hemoglobin they are more covalent in

nature (Pauling and Coryell, 1936a,b). Similarly, there are

ionic bonds between the Fe31 present in methemoglobin

(metHb, the oxidized form of hemoglobin), the protopor-

phyrin group, and the globin chain (Coryell et al., 1937).

Each time the iron is attached to the surrounding pro-

toporphyrin and histidine side chain by ionic bonds, the

presence of unpaired electrons is noted. As a consequence,

deoxygenated hemoglobin and metHb contain four and five

unpaired electrons, respectively, per heme group, making

these species paramagnetic. Due to its covalent bonds,

oxyhemoglobin has no unpaired electrons and is diamag-

netic. Hemoglobin’s protein moiety, the globin chains, on

the other hand, are diamagnetic and make no contribution to

the paramagnetic moment measured in deoxyhemoglobin

and metHb (Savicki et al., 1984; Spees et at., 2001).

Melville and co-workers showed in the mid 1970s the

equilibrium capture of erythrocytes, reduced after treatment

with a sodium dithionite solution, using a ferromagnetic wire

mesh that produces a high gradient magnetic field (HGMF)

induced by an external field (Melville et al., 1975). Later,

Owen showed that equilibrium cell capture was also possible

using metHb-containing erythrocytes (Owen, 1978). In both

cases, researchers used rudimentary columns for their cell-

capture experiments, made of a ferromagnetic wire mesh that

generated a HGMF when placed in the vicinity of a strong

magnet. These columns were the precursors of the immu-

nomagnetic cell separation columns commercially available

today in which cell selection is done with the use of

monoclonal antibodies linked to ferromagnetic nanoparticles

(Roath et al., 1992, 1994; Radbruch et al., 1994; Svoboda,

2000).

A different concept, however, is that of magnetophoretic

mobility (MM) in which there is particle transport, imposed

by a magnetic field in a viscous medium (Zborowski et al.,

2002). Its physical significance is analogous to that of

electrophoretic mobility in the description of particle motion

in an electric field (Melcher, 1981).

Early measurements of red blood cell (RBC) MM relied

on the HGMF geometry (Friedlaender et al., 1979; Plyavin

and Blum, 1983). This method required precise information

about the cell position relative to the magnetic field, which

was a source of experimental error. Such field geometry also

significantly limits the area of observation, and therefore

limits the number of cells whose motion can be measured in

a reasonable time. Early open-gradient experiments allowed
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calculating the mobile cell fraction, giving no information

about the mobility of individual cells (Winoto-Morbach et al.,

1994; Tchikov et al., 1999). In our laboratories, we have

developed an open-gradient instrument that maintains

a constant, two-dimensional magnetic field gradient over

an observation area that extends 1.72 3 1.27 mm. We also

have developed the image acquisition and processing

hardware and software that allows simultaneous tracking

and velocity calculation of tens to hundreds of cells in under

a minute, which significantly increases the accuracy of our

experimental results (Moore et al., 2000; Nakamura et al.,

2001).

The development of cell tracking velocimetry (CTV)

allowed us to make very precise measurements of the MM of

various cell systems. Particularly interesting were the

experiments in which we measured MM relative to cell

surface antigen expression in specific cell types, and its effect

on immunomagnetic cell labeling efficiency (McCloskey

et al., 2000, 2001). Next, we wanted to determine whether

CTV was capable of detecting differences in the MM of cells

with no immunomagnetic label. We used deoxygenated as

well as metHb-containing erythrocytes as our paramagnetic

cell species and compared their MM with the one obtained

from oxygenated erythrocytes, known to be diamagnetic

(Pauling and Coryell, 1936b; Savicki et al., 1984). In RBCs,

we hypothesized, different amounts of intracellular metHb

would result in different degrees of cell paramagnetism,

relative to that of water, and would affect the observed MM.

We also wanted to know if the different MM obtained

between paramagnetic and nonparamagnetic cell species

were compatible with those predicted on the basis of bulk

hemoglobin contents and RBC magnetic susceptibility

measurements by Gouy’s method (Pauling and Coryell,

1936a,b; Bozorth, 1968), superconducting quantum inter-

ference device (SQUID) (Savicki et al., 1984), and NMR

methods (Weisskoff and Kiihne, 1992; Spees et al., 2001).

We report here the first successful measurement of the

MM of deoxygenated and metHb-containing erythrocytes

compared to oxygenated controls. We also report the close

correlation of our experimental data with calculated MM

values based on the physical parameters of the system.

MATERIALS AND METHODS

Red blood cell magnetophoresis

In general, cell mobility is defined as directly proportional to the particle-

field interaction parameter, and inversely proportional to the cell friction

coefficient (Zborowski et al., 2002). The particle-field interaction parameter

represents the generalized ‘‘charge’’ of the particle, that is, the particle

property that makes it responsive to the applied field. For instance, in the

case of an electric field, the particle-field interaction parameter is equal to the

effective electric charge of the molecule, the particle, or a cell in solution

(Melcher, 1981). In gravitation, sedimentation, and centrifugal separations,

the difference between the cell density and that of the solution, multiplied by

the cell volume, is the cell-field interaction parameter, DrV. Analogously,

when describing the motion of magnetically polarizable cells in the magnetic

field, the difference between the cell volumetric susceptibility and that of the

solution, multiplied by the cell volume, is the cell-field interaction

parameter, DxV, (Table 1). The advantage of using MM to describe cell

motion in a magnetic field is that MM is independent of the experimental

apparatus because it is an intrinsic property of the cell.

The MM of human erythrocytes was measured using a CTV instrument

developed in our laboratories for the determination of cell velocities when

TABLE 1 Predicted RBC magnetophoretic mobilities based on the RBC magnetic susceptibilities

Parameter Symbol Value Units Ref.

Net volumetric RBC susceptibility* Dx ¼ xRBC � xH2O
�0.0147 3 10�6 (oxyHb) 1 Eqs. 1, 3

0.265 3 10�6 (deoxyHb) Eqs. 1, 3

0.301 3 10�6 (metHb) Eqs. 2, 3

RBC-field interaction parametery DxV �1.64 3 10�14 (oxyHb) mm3

29.5 3 10�14 (deoxyHb)

33.5 3 10�14 (metHb)

RBC friction coefficientz f ¼ 6phR 7.26 3 10�8 kg/s

Magnetophoretic mobility of the RBC§ m ¼ DxV

f
�0.226 3 10�6 (oxyHb) mm3 s/kg

4.06 3 10�6 (deoxyHB)

4.61 3 10�6 (metHb)

Magnetophoretic driving force{ Sm ¼
����= B2

2mo

� ����� 1.50 3 102 kg/mm2/s2

RBC magnetic migration velocity um ¼ m 3 Sm �0.034 (oxyHb) mm/s

10.609 (deoxyHb)

10.691 (metHb)

*In cgs em units system.
yIn SI units system.
zR ¼ 3.85 mm, red blood cell hydrodynamic radius; h ¼ 0.96 3 10�3 kg/m-s, aqueous solution viscosity at 20 C.
§V ¼ 88.4 mm3, red blood cell volume.
{B magnetic field intensity (in tesla (T)); m0 ¼ 4p 3 10�7 T-m/A (Spees et al., 2001; Graham, 1984).
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exposed to the magnetic and gravitational fields (Moore et al., 2000;

Nakamura et al., 2001; McCloskey et al., 2000, 2001). The central part of the

apparatus is the permanent magnet assembly, with specially designed pole

pieces that produce a nearly constant value for the force field strength, Sm (a

gradient of magnetic energy density, Table 1) over the area of observation of

1.72 3 1.27 mm, and the depth of view of ;20 mm. Spaced 2.5-mm apart,

the pole pieces conduct the magnetic flux into an air gap, into which a 0.63
1.7 mm ID, 0.4-mm wall square channel is placed. The orientation of the

magnet and flow channel is such that the magnetic force is orthogonal to the

force of gravity, to avoid sedimentation contribution to the MM. The

geometry of the pole pieces, and the placement of the flow channel, ensure

that the field is, essentially, two-dimensional. (However, in computing

mobilities, only the horizontal component of the gradient is used). In the

viewing area, the average force field strength, Sm ¼ 150 TA/mm2 6 0.7%;

the mean field value is 1.40 T, and the mean field gradient is 0.131 T/mm.

The cell motion in the viewing area is observed with a 53 microscope

objective and 2.53 photo eyepiece (Olympus, Tokyo, Japan). Light is

supplied internally (epiillumination). A Cohu (San Diego, CA) CCD 4915

camera operating at a frame speed of 30 Hz, and a m-Tech Vision 1000 PCI

Bus Frame Grabber (MuTech, Billerica, MA) is used to convert the image

into a 640 3 480 pixel array, where each pixel contains eight bits of gray-

level information ranging from 0 (black) to 255 (white). The CTV algorithm

is a modification of a three-dimensional version called particle tracking

velocimetry (Guezenec and Kiritis, 1990). The current code uses five

successive images to establish the most probable path for a specific particle.

From this most probable path, the algorithm determines and reports the 2-D

location. A linear fit of the location-time data gives velocity of each particle.

The algorithm then computes statistics for the entire set of particle velocities

(and mobilities), including mean, standard deviation, and confidence limits.

As the CCD camera has a frame rate of 30 Hz, and the acquisition rate was

set at every 60th frame for both studies on deoxygenated and metHb-

containing erythrocytes, the time between acquired frames is 2.0 s. Because

the number of tracked frames was always 20, therefore, the time difference

between the first and last tracked frames was (20�1)3 2¼ 38 s. In this time

interval the red cells moved a sufficient distance to be assigned a velocity

easily distinguishable from zero. We determined that the mobility

discrimination power of CTV is below the noise introduced by the cell

Brownian motion.

Red blood cell magnetic susceptibility

To calculate the RBC magnetic susceptibility relative to that of the solution,

Dx, (Table 1), we adapted the model described by Spees and co-workers

(Spees et al., 2001). That model is based on an early work by Cerdonio et al.

(1978, 1985) that was also adopted by others groups (Plyavin and Blum,

1983; Weisskoff and Kiihne, 1992; Fabry and San George, 1983; Graham,

1984). The most important difference between the models is in the number

of unpaired electrons ascribed to the oxyhemoglobin heme group. Here we

assume, after (Pauling and Coryell, 1936b; Savicki et al., 1984; Spees et al.,

2001), that there are no unpaired electrons in the oxyhemoglobin heme

group. In general, the RBC volumetric magnetic susceptibility is the

weighted sum of the susceptibilities of its components:

xRBC ¼ xH2OxH2O
1ð1� SÞxHbxdeoxyHb1xglobinxglobin; (1)

where xH2O
and xH2O

, (1 � S)xHb and xdeoxyHb, xglobin, and xglobin are the

volume fractions and volumetric magnetic susceptibilities of water,

deoxyhemoglobin and the protein (globin) part of the hemoglobin molecule,

respectively; and S is the oxygen saturation of oxyhemoglobin. Here xH2O
¼

1 � nHbnHb, where nHb ¼ 5.5 mM is the total intracellular hemoglobin

concentration, nHb ¼ 48,277 cm3/mol is the molar volume of hemoglobin,

xHbxdeoxyHb ¼ nHbx9deoxyHb, where x9deoxyHb ¼ 50,893 3 10�6 cm3/mol is

the molar susceptibility of deoxyhemoglobin, and xglobinxglobin ¼
nHbMHbx0globin, where MHb ¼ 64,450 is the molecular weight of hemo-

globin, and x0globin ¼ �0.580 3 10�6 cm3/g is the specific susceptibility of

globin in the hemoglobin molecule (Spees et al., 2001). The susceptibility

values are given in the cgs unit system to facilitate comparison with the

literature data; the conversion to values in the SI unit system requires

multiplication by 4p.

The metHb contribution to the erythrocyte magnetic susceptibility has

a similar form as the one above:

xRBC ¼ xH2OxH2O
1ZxHbxmetHb1xglobinxglobin; (2)

where xmetHb and xmetHb are the volume fraction and the magnetic

susceptibility of metHb, and Z is the fraction of hemoglobin converted to

metHb. In these set of experiments, we assume that hemoglobin exists in two

forms only, as metHb (ferrihemoglobin) or oxyhemoglobin. Also, xHbxmetHb

¼ nHbx9metHb, where x9metHb ¼ 57,428 3 10�6 cm3/mol (Coryell et al.,

1937; Graham, 1984).

Thus, the net magnetic susceptibility of the RBC in aqueous suspension is

Dx ¼ xRBC � xH2O
; (3)

where xH2O
¼ �0.7193 10�6 is the magnetic susceptibility of water (Spees

et al., 2001).

It is interesting to note that Dx\0 for the fully oxygenated RBC, and Dx

[ 0 for the deoxygenated and methemoglobinated RBC (Table 1);

consequently, we would expect the sign for oxygenated red blood cell

mobility to be opposite (negative) to the ones for deoxygenated and

methemoglobinated RBCs (Table 1).

Preparation of metHb-containing erythrocytes

Blood was collected at the National Institutes of Health under an

Institutional Review Board-approved protocol for blood collection from

normal volunteers for research purposes. The samples were drawn in EDTA

Vacutainer tubes (Becton, Dickinson, Rutherford, NJ). A 5-mM oxidant

solution was prepared by dissolving sodium nitrite (Aldrich Chemical,

Milwaukee, WI) in phosphate-buffered saline (PBS) pH: 7.4 without

calcium chloride and without magnesium chloride (Life Technologies,

Gaithersburg, MD) at room temperature. The oxidative treatment was

performed by mixing 50 ml of whole blood with 4 ml of the 5 mM sodium

nitrite solution. Cell mixtures were incubated for different time periods to

achieve different levels of intracellular metHb. Controls were prepared by

mixing 50 ml of whole blood with 4 ml of PBS. After incubation, oxidant-

treated erythrocytes and controls were washed three times with PBS and

resuspended in 4 ml PBS. A 300-ml aliquot of this erythrocyte suspension

was mixed with 1,000 ml of distilled water to hemolyze the cells. After

waiting ;1 min for hemolysis to proceed, the samples were vortexed and

centrifuged at 13,000 rpm (15,700 g) for 5 min in an Eppendorf 5415 D

centrifuge (Brinkman Instruments, Westbury, NY) to pellet cell membranes.

The supernatants were then transferred to plastic cuvettes and spectropho-

tometric readings were taken at 700, 630, 576, and 560 nm (PerkinElmer

Lambda 20 UV/Vis Spectrometer, Norwalk, CT). These absorption values

were used to calculate the percentage of metHb formed by the oxidative

treatment in each sample (Winterbourn, 1990).

Preparation of deoxygenated erythrocytes

Red blood cells were pelleted by centrifugation at room temperature at 2000

rpm. (805 g) for 10 min in an Eppendorf 5810 R centrifuge. The cell pellet

was washed twice with saline solution (0.9% sodium chloride solution for

injection, Abbott Labs, North Chicago, Il) after removing plasma and buffy

coat. After the second wash, enough saline solution was added to restore the

sample’s original volume. A diluted erythrocyte suspension was prepared by

mixing150 ml of the washed red blood cells with 12 ml of saline solution-2%

fetal bovine serum (FBS) (Gemini Bio-Products, Woodland, CA). This cell

mixturewas allowed to fully oxygenate bygentle rocking at room temperature

for at least 1 h. A 4-ml aliquot of this erythrocyte cell mixture was used as the

oxygenated RBC control. Another 4-ml aliquot was placed in a 10-ml glass

test tube fitted to an airtight rubber top, sealed with Parafilm (American
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National Can, Chicago, Il) and deoxygenated by exposure to a steady flow of

nitrogen coming through a 19-gauge needle inserted through the glass test

tube’s rubber top (and vented with a similar gauge needle), while the test tube

was gently rocked in horizontal position for 45 min. Next, 200 ml of the

deoxygenated erythrocyte suspension was added to 10 ml of deoxygenated

saline solution-2% FBS, previously equilibrated in nitrogen gas.

CTV measurements

The CTV channel was flushed with ;60 ml of carrier buffer before each

experiment. The metHb-containing erythrocytes and oxygenated control

were processed identically. Each sample was washed twice in Plasma-Lyte

(Baxter Healthcare, Deerfield, IL) with 5% FBS, counted with a Coulter Z-1,

and diluted in to a final concentration of 0.53 106 cells/ml. Cell suspensions

were injected manually, valves bracketing the channel were closed, and the

suspension was relaxed for 2 min. Twenty video images were then recorded

with a skip frame of 59 (allowing 2.0 s between frames). Between injections,

the sample syringe was mixed to assure homogeneity of the cell suspension.

A minimum of eight measurement sets was processed for a total time of 30–

60 min per sample.

The deoxygenated erythrocyte sample and its oxygenated control were

processed as above with a few exceptions. Before the experiment, the CTV

apparatus was fitted with gas-impermeable tubing. The control cells were

counted and diluted in PBS for a final concentration of 0.53 106 cells/ml. The

deoxygenated cells were neither counted nor diluted but transferred directly

to a 50-cc Hamilton gas-tight syringe in a glove bag filled with nitrogen. The

glass syringe was attached to the CTV injection port as quickly as possible to

avoid any contact with air. Measuring time was ;60 min per sample.

RESULTS

Magnetophoresis of
metHb-containing erythrocytes

For these experiments, we used blood fromfive different adult

individuals. Fig. 1 shows a series of RBC MM histograms

obtained when four different metHb levels were tested in

a single blood sample. The histograms show a monotonic

increase in the mobility with increasing metHb level. There is

a dispersion of the MM around the most probable value.

Although the mobility distribution of control RBCs (at 0%

metHb) appears narrower at half peak height than the

distribution of metHb RBCs, the corresponding standard

deviations of the mean are not significantly different. We

ascribe this to the departure of the mobility distribution from

normal. The likely source of the mobility dispersion, and the

difference in its extent between control and metHb RBCs, is

the heterogeneous nature of the normal erythrocyte popula-

tion and the background noise introduced by the measuring

apparatus. Red blood cell heterogeneity is the consequence of

cell aging, which affects cell intracellular levels of different

enzymatic components. The cellular contents of enzymes

involved in antioxidant protection, including metHb re-

ductase, is higher in young erythrocytes (Bartosz, 1990). We

estimate that the differences in intracellular oxidative

susceptibility could affect the cell ability to partially reverse

hemoglobin oxidation, resulting in dispersion of the metHb

content of individual cells and, consequently, the dispersion

of cell MM. Control cells, on the other hand, have a narrower

mobility distribution because they had not been the subject of

intracellular oxidation. The contribution of the apparatus’

random noise to the MM dispersion was observed using

monodisperse, synthetic particles (data not shown).

The mobility difference between the control, fully oxy-

genated RBC not subjected to oxidative treatment, (Z ¼ 0%

metHb, S¼ 100%) and a sample with nearly full hemoglobin

oxidation (at Z ¼ 97% metHb, S � 0%) was equal to

approximately one-and-a-half standard deviations of the

single measurement, in the representative example shown in

Fig. 1. The statistical data for all samples is included in Table

2. The number of cell trajectories acquired and analyzed for

a single mean mobility measurement was between 600 and

1480 individual cell measurements, with each cell trajectory

FIGURE 1 Magnetophoretic mobility histograms of erythrocytes con-

taining different levels of methemoglobin. The data shown is a representative

example from an individual.
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consisting of 20 line segments. This produced high con-

fidence in the mean mobility values, as illustrated by narrow

95% confidence intervals obtained and the small standard

error of the mean, as can be seen in Table 2.

Based on the RBC magnetic susceptibility model pre-

sented in the Materials and Methods section, we expected

a linear dependence of cell mobility on the RBC metHb

contents (Eq. 2 and Table 1). We tested this hypothesis by

regression analysis of the cell mobility on the RBC metHb

level (Fig. 2 and Table 2). Both the experimental regression

line and the calculated mobility dependence on metHb level

(Z) are shown in Fig. 2. The calculated mobility follows

closely the linear regression line obtained from the

experimental data. Thus, the predicted cell mobility in the

magnetic field corresponds very closely to the mobility

observed experimentally. Interestingly, when interpolated

to zero metHb level, the equivalent to fully oxygenated

erythrocytes not treated with oxidant solution, the experi-

mental cell mobility is slightly negative, in agreement with

the RBC magnetic susceptibility model and the reported

oxyhemoglobin susceptibility measurements by Gouy bal-

ance, SQUID, and the NMR methods (Table 1) (Pauling and

Coryell, 1936a,b; Coryell et al., 1937; Savicki et al., 1984;

Spees et al., 2001).

The regression statistics and the ANOVA results indicated

that the predicted dependence of the mean mobility on

metHb level is highly significant: R2 ¼ 0.9796, with

a standard error of regression of 0.312�10�6 mobility units

(mm3s/kg), at a significance level of p \ 10�6 at N ¼ 16

(Table 2). The regression equation of mobility, m, on the

metHb fraction, Z, is:

m ¼ ð�0:201 3:86 ZÞ3 10�6 mm3 s=kg: (4)

The experimental mean mobility values for fully oxygen-

ated and fully methemoglobinated RBCs are compared in

Table 2. We found a remarkable agreement between the

oxygenated RBC (Z ¼ 0) mobility and the value calculated

from the RBC magnetic susceptibility data (Table 1). On the

other hand, in fully oxidized RBC (Z ¼ 1), the mean

mobility is lower than that predicted from the RBC sus-

ceptibility data (Table 1).

Magnetophoresis of deoxygenated erythrocytes

In this separate group of experiments, we measured the MM

of deoxygenated erythrocytes obtained from five adult in-

dividuals. In this case also, a fully oxygenated, untreated

RBC suspension was used as a control. We used a simplified

RBC preparation protocol to maintain strict anaerobic con-

ditions for the deoxygenated RBC mobility measurements.

A representative example of the MM histograms is shown in

Fig. 3. There is a noticeable shift toward higher mobility

values for the deoxygenated RBCs, as predicted by Eq. 1

and Table 1. The dispersion of cell mobility around the

TABLE 2 Observed magnetophoretic mobility of erythrocytes

Methemoglobin-containing

erythrocytes Value

Parameter

Number of observations 16

Correlation coefficient squared, R2 0.9796

Standard error of estimate 0.22 3 10�6 mm3 s/kg

Intercept (estimated mobility

at Z ¼ 0)

�0.20 3 10�6 mm3 s/kg

95% C.I. of the intercept ½�0.387, �0.013� 3 10�6

mm3 s/kg

99% C.I. of the intercept ½�0.460, 0.060� 3 10�6 mm3

s/kg

p-value of the intercept 0.038

Slope 3.86 3 10�6 mm3 s/kg

99% C.I. of the slope [3.42, 4.31] 3 10�6 mm3

s/kg

p-value of the slope \10�6

Estimated mobility at Z ¼ 1 3.66 3 10�6 mm3 s/kg

Observed vs. predicted mobility

(310�6 mm3s/kg): at methemo-

globin fraction:

Z ¼ 0 �0.20 vs. �0.226

Z ¼ 1 3.66 vs. 4.61

Deoxygenated

erythrocytes

Oxygenated

erythrocytes

Parameter Value Value

Oxygen saturation S ¼ 0 S ¼ 1

Mean/10�6 mm3 s/kg 3.86 0.300

SE/10�6 mm3 s/kg 0.020 0.026

SD/10�6 mm3 s/kg 2.10 1.82

Total N 10,616 4,775

99% C.I./ 10�6 mm3 s/kg [3.84, 3.89] [0.274, 0.326]

t-test: two-sample assuming

unequal variances

Hypothesized mean difference 0

p (two-tail) \10�6

Observed vs. predicted

mobility (310�6 mm3 s/kg):

at oxygen saturation:

S ¼ 0 3.86 vs. 4.06

S ¼ 1 10.300 vs. �0.226

FIGURE 2 Dependence of magnetophoretic mobility on the erythrocyte

methemoglobin contents: a comparison of CTV experimental data and mod-

eled calculated values.
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mean value is comparable to that observed for the metHb-

containing RBC mobilities. In this case, however, the likely

source is slight difference in oxygen saturation between

individual cells due to physiological variations in oxygen

affinity, normally found during cell aging (Samaja et al.,

1990; Schmidt et al., 1987). The observed shift in the MM

with the decrease in oxygen saturation corresponds to ap-

proximately twice the standard deviation of the dispersion. A

summary of these results is presented in Table 2. The mean

MMs, each comprising from 600 to 3533 individual cell

mobility measurements, were averaged over all five experi-

ments, and the resultant average mobilities for the deoxy-

genated and oxygenated erythrocytes were compared (Table

2). A t-test (two-tailed) was used to test the null hypothesis

stating that the deoxygenated erythrocyte mobility was not

different from that of oxygenated erythrocytes. Such null

hypothesis was shown to be highly improbable (p\ 10�6).

The observed difference between the deoxygenated and oxy-

genated erythrocytes is:

Dm ¼ mdeoxyHb � moxyHb ¼ 3:563 10�6 mm3 s=kg;

p\0:001:

In this case, we can also see that the agreement with the

calculated mobilities based on the RBC magnetic suscepti-

bilities is very good (Table 2).

DISCUSSION

Early in the 20th century, magnetic susceptibility measure-

ments of hemoglobin and its derivatives played an important

role in the study of the molecular structure of the heme group

and provided an early experimental model in quantum

chemistry (Pauling and Coryell, 1936a,b; Coryell et al.,

1937). Erythrocytes are an ideal cell model for physical

experimentation because their structure is relatively simple,

and physical parameters such as cell diameter, cell volume,

and hemoglobin contents are homogeneous in the erythrocyte

cell population of a particular individual (Savicki et al., 1984;

Graham, 1984; Cerdonio et al., 1985; Spees et al., 2001).

We have studied the motion of RBCs in aqueous solutions

induced by an external magnetic field using CTV (Moore et

al., 2000; Nakamura et al., 2001). One of the advantages of

this technique is that it allowed us to follow the mobility of

hundreds of single cells in a relatively short period of time.

The measurement of single cell mobility provides us with

information that is not available by other methods based on

bulk cell susceptibility measurements.

The mean RBC MM measurements we obtained agreed

with values estimated from the literature’s hemoglobin

magnetic susceptibility data, normally provided by magne-

tometry, NMR, and SQUID methodologies (Pauling and

Coryell, 1936a,b; Coryell et al., 1937; Savicki et al., 1984;

Spees et al., 2001). This supports the notion that MM is

a useful parameter in studies related to cell motion in the

magnetic field and magnetic cell separation. The agreement

seen between experimental and model data validated a

number of assumptions underlying the definition of MM,

in particular, the linear relationship between hemoglobin

magnetization and magnetic field strength, at least within the

range used in this study (Zborowski et al., 2002). The use of

a constant field energy gradient, the isodynamic field, greatly

reduced a potential source of experimental error inasmuch as

it is the quantity that drives cell migration (Moore et al., 2000).

The MM measurements on erythrocytes containing from

0 to 99% of intracellular metHb led to a gradient of cell

mobilities as was predicted from their magnetic susceptibil-

ities. Moreover, the interpolation, from the experimentally

obtained curve, of the RBC mobility to zero metHb content

agreed with the expected mobility for fully oxygenated

RBCs (Spees et al., 2001). We concluded that our mobility

measurements on metHb-containing erythrocytes were well

in agreement with the modeled expected mobility values.

We also compared the MM of oxygenated and deoxy-

genated erythrocytes.We observed significant cellmobility in

the fully deoxygenated erythrocytes, as predicted by the

magnetic susceptibility data. The absolute value of mean

oxygenated erythrocyte mobility was weakly positive in this

set of experiments. This observation contrasts with the

slightly negative mean oxygenated RBC mobility obtained

by extrapolation in the metHb experiments. Although the

differences are minimal and do not affect our mobility mea-

surements on deoxygenated and metHb-containing ery-

throcytes, our methods should allow us to address in the

near future the question posed by Cerdonio (Pauling and

Coryell, 1936b; Savicki et al., 1984; Cerdonio et al., 1978,

1985) about oxygenated hemoglobin’s possible paramagnetic

contribution.

FIGURE 3 Magnetophoretic mobility histograms of oxygenated and de-

oxygenated erythrocytes. The data shown are a representative example from

an individual.
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We consider that this work contributes to our current

understanding of the influence that the exposure to extremely

high magnetic fields could have in physiologic systems.

Although deoxygenated RBC migration velocity is zero

when exposed to a homogeneous magnetic field, this velocity

is significant when exposed to high magnetic gradients, as the

ones generated in the proximity of highly sophisticated MRI

devices. Based on our results, the expected erythrocytic

migration velocity would be over 27 mm/s when exposed to

a field of 10 T and a gradient of 1000 T/m. This calculated

migration velocity for deoxygenated erythrocytes might

induce subtle shifts in the RBC distribution in specific

tissues, which may result in pathophysiological changes,

particularly in those individuals carrying unusual hemoglo-

bin variants. The effects of metHb, however, would be

smaller because its production by oxidative processes, es-

pecially the interaction with nitric oxide (Gladwin et al.,

1999), normally leads to very low levels in the circulation.

Magnetophoresis may also open new possibilities in the

separation of specific cell types, such as erythrocytes

infected with the malaria parasite. During its intraerythro-

cytic stage, the malaria parasite ingests intracellular

hemoglobin generating hemozoin, a waste product, which

is an oligomeric, high spin, ferriporphyrin complex (Egan,

2002). Erythrocytes containing hemozoin are paramagnetic,

which would allow their enrichment from infected patients’

blood by magnetic means (Paul et al., 1981). The cell

magnetophoresis might also prove useful in the separation of

nucleated erythroid cells from cell mixtures that cannot be

efficiently resolved due to shared cell surface antigens. This

is the case of fetal and maternal nucleated RBCs, in which

different levels of intracellular metHb could be achieved due

to the characteristic difference in oxidative susceptibility of

their intracellular milieu (Ostera, 2001).
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