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A B S T R A C T

Paramagnetic constituents of a cell have strong effect on the cell’s volume magnetic susceptibility even at low volume fraction because of their high susceptibility
relative to that of the diamagnetic cell constituents. The effect can be measured at a single cell level by measuring cell terminal velocity in viscous media using a
microscope equipped with a well-defined field and gradient magnet configuration (referred to as magnetophoretic analysis by cell tracking velocimetry, CTV). The
sensitivity of such a microscopic-scale magnetometry was compared to that of a reference method of superconducting quantum interference-magnetic properties
measurement system (SQUID-MPMS) using a red blood cell (RBC) suspension model. The RBC hemoglobin oxygen saturation determines the hemoglobin molecular
magnetic susceptibility (diamagnetic when fully oxygenated, paramagnetic when fully deoxygenated or converted to methemoglobin). The SQUID-MPMS mea-
surements were performed on an average of 5000 RBCs in 20 µL physiological phosphate buffer at room temperature, those by CTV on a single cell track in a mean
magnetic field of 1.6 T and mean gradient of 240 T/m, repeated for an average of 1000 tracks per sample. This suggests 5000× higher sensitivity of cell suscep-
tometry by magnetophoretic analysis than by SQUID-MPMS. The magnetophoretic mean RBC magnetic susceptibilities were in the range determined by SQUID-
MPMS (lower limit) and theory (upper limit). The ability of magnetophoretic analysis to resolve susceptibility peaks in a mixed cell populations was confirmed for an
oxy RBC and met RBC mixture. Magnetophoretic analysis by CTV provides new tool for studies of emergence of paramagnetic reaction products in the cell.

1. Introduction

Magnetic separation has become an indispensable technique in life
science because of its unparalleled sensitivity, selectivity and purity for
cell separation and that of DNA and RNA [1–5]. The magnetic prop-
erties of the biological matter to be separated, with or without magnetic
label, are vital for the separator engineering design [6]. With the in-
creased availability of strong rare-earth magnets and improved designs
it is possible to magnetically separate unlabeled, weakly paramagnetic
cells [7]. We have developed applications that include intraerythrocytic
malaria detection [8,9], separation of bacterial spores rich in para-
magnetic element manganese (Mn) [10,11], separation of algae ge-
netically modified for elevated expression of ferritin [2], enrichment of
mature erythrocytes from hematopoietic cell cultures [12], erythrocyte
depletion from whole blood preparations as a type of a “magnetic
centrifuge” [13], analysis of interconversion between low-spin and
high-spin hemoglobin [14,15], and developed theory of magnetophor-
esis that links the field-induced cell motion to the intracellular con-
centration of paramagnetic species [14,16]. Others have developed
practical systems for detecting paramagnetic contaminants in food or
environmental water [17], demonstrated an atomic-level sensitivity of
the magnetic ponderomotive forces to the paramagnetic contribution in

the predominantly diamagnetic materials [18], and to measure cell
density [19,20].

A rational design of label-free magnetic cell separator requires
knowledge of the cell magnetic susceptibility. The low magnetic sus-
ceptibility of cells, their small size (in single to tens of micrometers
range) and special handling requirements necessary to maintain their
viability pose a challenge to the sensitivity of current magnetometer
instruments. There are many different analytical techniques available
to measure bulk tissue magnetic properties, including Mössbauer
spectroscopy [21], nuclear magnetic resonance (NMR) spectroscopy
[22], electron paramagnetic resonance (EPR) [23], Gouy balance [24],
vibrating sample magnetometry (VSM) [25], and superconducting
quantum interference device-magnetic properties measurement system
(SQUID-MPMS). NMR imaging (MRI) is a well-established tool in clin-
ical radiology departments [26]). We became interested in SQUID-
MPMS as a reference method because it has been used to examine
biological samples in the past [4,27,28] and because it is a quantitative
analytical method. Its use has been limited to applications to lyophi-
lized samples only, however. In principle, it is capable of accepting li-
quid samples, such as cell suspensions required for this study, and
therefore we set out to develop a protocol for liquid sample SQUID-
MPMS measurements (at room temperature) as a part of this study.
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Single cell magnetophoresis, or magnetically-induced cell motion
[3,7,29–31] could be used to determine the cell magnetic susceptibility
if measured with an accurate microscopic cell tracking camera
equipped with high precision magnet producing well-defined magnetic
field in the microscope field of view. To evaluate the accuracy of
magnetophoresis method, we compared the magnetic susceptibility
measurements of various forms of red blood cells (RBCs, including
oxygenated RBCs, met-hemoglobin RBCs, and deoxygenated RBCs) with
those measured using SQUID-MPMS. The RBCs were chosen for their
known, uniform physical parameters including magnetophoretic mo-
bility and magnetic susceptibility [32].

2. Material and methods

2.1. RBC magnetic susceptibility by magnetophoretic analysis

Magnetophoresis method was described previously [33] and the
current setup (Mk V) generating the highest mean field and gradient is
introduced here. The hyperbolic pole pieces create a magnetic field
with horizontal, nearly constant, well-characterized magnetostatic po-
tential energy density gradient within the microscope field of view
(FOV), where the glass channel used as the cell suspension container is
situated (Fig. 1). The magnet was assembled using neodymium-iron-
boron permanent magnet cubes 38.1 mm to the side from a commercial
supplier (K&J Magnetics, Inc., Pipersville, PA) and stock, low carbon

steel. At steady state motion, the horizontal component of the cell mi-
gration is solely driven by the magnetic field. With the aid of a digital
camera and computer image analysis software, the velocity of several
hundred cells is acquired simultaneously by analyzing individual cell
tracks. The viscous drag of the liquid media acting on slowly moving
cells follows the Stokes’ law and the magnetic susceptibility of cells can
be calculated from the dynamic equilibrium of the magnetic and drag
forces resulting in the following equations:
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where 〈 〉um is the experimentally determined mean horizontal velocity
(m/s) of the RBC induced by the predominantly horizontal gradient of
the applied magnetic field (Fig. 1c). The magnet extends sufficiently far
into the x-axis dimension for the field gradient in FOV to be negligible
along that direction. Here χ χ,RBC H O2 are the volume magnetic sus-
ceptibility of cell and water, respectively (SI unit, dimensionless). VRBC

is the cell volume (m3), η is the viscosity of water (Pa∙s), DRBC is the
equivalent hydrodynamic sphere diameter of the cell (m), Sm is the
magnetic energy density gradient (T-A/m2), B is the local magnetic field

Fig. 1. Operating principle of cell magnetophoresis analyzer, by cell tracking velocimetry (CTV). a) Photograph of the portion of the permanent magnet showing
glass sample holder and hyperbolic shape of the pole pieces. The microscope objective (not shown) is oriented along the x-axis. b) Composite diagram of the
equipotential and field lines (upper half) and magnetostatic potential isolines and force vectors (lower half) of the CTV magnet. The microscope’s field of view (FOV)
is targeted at the magnetic field area with the least variable magnetic forces. c) Model simulation of the total velocity vectors of RBC-like objects distributed on a grid
in microscope’ FOV. For those objects whose magnetic susceptibility is greater than that of the medium (Δχ > 0, deoxy- and met-RBCs, top panel) there is a
magnetophoretic effect comparable in magnitude to the sedimentation effect. For Δχ≅ 0 (oxy-RBCs, bottom panel) there is no magnetophoretic effect. The model
predictions were confirmed by the experiment, Figs. 5 and 6. The magnetostatic equipotential lines are indicated by gray lines.
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(T), µ0 is the magnetic permeability of free space (4π×10−7 T-m/A).
Magnetophoretic analyzer also records cell velocity component or-

thogonal to magnetophoresis’ direction, v, along the vertical z-axis
(Fig. 1c), and therefore provides additional information about the cell’s
or fluid’s property required for solving Eq. (3), from the cell sedi-
mentation equation:
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where DRBC is the cell diameter (m), ρRBC and ρRBC are the cell and fluid
densities (kg/m3). and g=9.81m/s2 is the standard gravitational ac-
celeration. The numerical values of quantities used to calculate RBC
volume magnetic susceptibility from its magnetophoretic, um and v,
sedimentation velocities in Eqs. (3) and (4), respectively are
ρRBC=1125 kg/m3, ρH2O=1000 kg/m3, η=0.00089 Pa.s at 25C, and
χH2O=−9.05×10−6. The average magnetostatic potential energy
density gradient over FOV in Eq. (3) for Mk V magnet assembly is
Sm=1/2μ0 ×750 T2/m=2.98× 108 T-A/m2 (Fig. 2). The design of
magnet pole pieces ensured that the magnetic force field contributed
less than 2% to the standard deviation of the RBC sedimentation ve-
locity and its effect was negligible on the mean sedimentation velocity
across the FOV.

Cell suspension was held in the square glass channel of 1mm I.D.
and 1.4mm O.D., which is placed horizontally and attached to a
Hamilton valve on each end to eliminate interference flow during the
measurement (Figs. 1 and 3). To accommodate the RBC deoxygenation
protocol, one end of the glass channel was connected to 35mL custom-
made cylindrical deoxygenator. During the preparation of the deox-
ygenated RBC, the blood sample in the deoxygenator was continuously
infused with humidified nitrogen, agitated by magnetic stirring bar and
monitored by the dissolved oxygen probe (Fig. 3). Also two N2 en-
vironment sheaths were attached to the channel-tubing connections to
avoid re-oxygenation of the cells (Fig. 3). The motion of migrating cells
was monitored through 5x objective lens (LMPlanFl, Olympus, Japan),
3.3x photo-eyepiece (U-PMTVC, Olympus, Japan), and CCD camera
(Retiga 200R, QImaging, Canada). The acquired images are recorded
with Video Savant software and analyzed using custom image analyzing
software ImageView. The image analyzer identifies a particle by se-
lecting threshold value on a pixel grayscale, and records it location,
frame-by-frame by calculating the most probable location in the frame
from the location in the preceding frame [33]. The particle velocity is
calculated by linear fit of cell centroid position versus time data, for the
set of frames in which a particle is tracked. This parameter is at the

discretion of the user and can range from 3 to the total number of
frames acquired, 50 in the case of the work described here.

Additional information about the RBC sample preparation is pro-
vided in section “2.3 RBC magnetic susceptibility by SQUID-MPMS”,
below. Before the measurement, the RBCs were washed with PBS then
converted into different forms: 1) oxygenated blood cells, oxy RBCs: the
cells were diluted with PBS to the final concentration of 5× 105 cell/
mL and kept in equilibrium with air before being infused to the channel
by syringe; 2) met-hemoglobin RBC, met-RBCs: the cells were treated
with 5mM NaNO2/PBS for 1 h at cell concentration of 5× 106 cells/
mL, and then washed with PBS and diluted to the final concentration of
5× 105 cell/mL with PBS for infusion into the channel; and 3) deox-
ygenated RBCs, deoxy RBCs: whole blood were suspended with PBS to
the final concentration of 5×105 cell/mL and then infused into the
channel-deoxygenator system (Fig. 3). Valves were closed to prevent
the exposure to air. The sample was deoxygenated for 1 h prior to the
measurement.

Before recording the cell migration, the sample was left undisturbed
with the valves closed for 100–200 s. The motion of cells was recorded
within 50 frames and frame interval of 2 s. The valves were then opened
and new cell aliquot was inserted into FOV by syringe. The valves were
closed again and the recording was repeated until 10 sets of images
(∼1000 cell tracks) were recorded.

2.2. Measurement range of the cell magnetophoretic analysis

The magnetophoretic measurement limits are imposed by physical
constraints, such as maximum field value and gradient homogeneity
over FOV of the CTV apparatus, the dark field microscope diffraction
limit, thermal noise floor due to Brownian motion, the creeping flow
ceiling imposed by low particle Stokes number assumption, and wall
effect of the channel. The additional technical constraints are imposed
by the cell tracking software algorithm, including the image pixel re-
solution. The details are discussed below.

2.2.1. Thermal noise limit
Thermal noise causes Brownian motion of microscopic particles and

introduces uncertainty as to the magnitude of single particle displace-
ment associated with weak body forces, such as magnetic force acting
on the RBC. Assuming identical diameter and magnetic susceptibility of
all particles tested, a constant magnetic field energy gradient within
microscope FOV, and negligible inter-particle interactions, the mean
square RBC displacement over the time of observation due to thermal

Fig. 2. Key magnetostatic field parameters
determining RBC magnetophoresis: B field,
the gradient of B field and twice the product
of the two, dB2/dx a quantity that is pro-
portional to the magnetostatic potential
energy gradient, Sm. Note nearly constant
potential energy gradient in the field of
view (FOV, shaded area), a field property
sometimes referred to as “isodynamic”.
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motion follows the Einstein equation [34]:
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where kB is the Boltzmann constant (1.38×10−23 m2kg s−2 K−1),
T is the absolute temperature (293 K), t is the observation time (here
100 s), η is the viscosity of water (1.00×10−3 Pa ∙s), and DRBC is the
RBC hydrodynamic diameter (5.56 µm assuming mean RBC volume of
90 fL). The resulting root-mean-square displacement of a single RBC
due to the Brownian motion over the time tracking is 〈 〉x2 =3.9 µm,
and the resulting uncertainty of the magnetic field-induced RBC velo-
city is δum= ± 〈 〉x t/2 = ±0.039 µm/s. By substitution of δum into
Eq. (3), the resulting error of single RBC magnetic susceptibility de-
termination is δχRBC= ±1.96× 10−7, approximately 20% of the
water magnetic susceptibility value (−0.905×10−6).

The accuracy of RBC susceptibility measurement improves with the
increased RBC sample size, N. For instance, the statistically detectable
difference from 0 of the measured RBC magnetophoretic velocity
magnitude is calculated from one-sample case formula [35]:
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For a representative number of RBCs tracked of N=1000 during a
typical magnetophoretic analysis and δum= ±0.039 µm/s quoted
above, one obtains u| |m min =2.42×10−9 m/s. This exceedingly small
value indicates that with the current CTV technique capable of tracking
thousands of RBCs per measurement, the thermal noise contribution to
the error of RBC susceptibility measurement can be made negligible.

2.2.2. Creeping flow limit
Eqs. (1) and (3) hold for Stokes flow regime (creeping flow). Al-

lowing for less than 1% relative error in the terminal RBC magneto-
phoretic velocity when calculated from Stokes formula for the viscous
drag force imposes a maximum allowable particle Reynolds number
value of not greater than 0.1 [36]. Hence we have:
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where ρ is the density of water at room temperature (1×103 kg/m3).
The resulting u| |m max =1.8 cm/s is orders of magnitude higher than the
expected RBC magnetophoretic velocity in the current apparatus. The
corresponding maximum expected magnetic susceptibility of such fast
moving microparticle is calculated from Eq. (3), χ| |max =9.05×10−2.
Again, this is four orders of magnitude higher than the absolute sus-
ceptibility of water and corresponds to susceptibility of super-
paramagnetic microparticles [1]. Consequently, the RBC magneto-
phoresis is well within the limit of the creeping flow model.

2.2.3. Particle-particle interaction
According to Famularo [37] the correction of settling velocity of

dilute random suspension due to inter-particle interactions is approxi-
mated by the formula:
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where u and u0 are the corrected and uncorrected velocity (from the
Stokes law), respectively. Parameter ϕ is the volume fraction of sus-
pended cells. For a RBC suspension of cell number concentration of
5× 10−5 cells/mL, the effect of particle-particle interaction lowers the
mean migration velocity by 4.5% relative to that, calculated from the
Stokes law.

2.2.4. Wall effect
The foregoing discussion of the Stokes drag is applicable to particles

moving in an infinite volume of the viscous fluid. Yet in the RBC
magnetophoresis experiment the cells are typically suspended in a long,
parallel-piped glass channel of 1mm×1mm cross section (Fig. 1)
which introduces deviation from Stokes drag due to the finite cell
diameter, here DRBC (5.56 µm), especially near the walls of the square
cross section channel. We approximate the resulting fractional

Fig. 3. Deoxygenated RBC magnetophoresis experimental setup. Note use of N2–gas filled protective sheaths enveloping blood tubing to minimize O2 diffusion from
the atmosphere.
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deviation of the actual cell velocity from the Stokes velocity, δu
u
by using

Happel and Bart’s work [38] for the sphere settling along the axis of a
square duct of the wall width l, at low Reynolds’s number:

= =δu
u

D
l

1.903266 0.011RBC
(9)

The deviation is just above 1% and therefore the wall effects were
neglected in the magnetophoretic RBC susceptibility analysis.

2.2.5. Image resolution and light diffraction limit
In dark-field microscopy used for cell tracking, the minimum

trackable particle size is around 200 nm according to Rayleigh cri-
terion. Furthermore, the image resolution of current magnetophoresis
system is limited to 1.53 μm/pixel. Particles smaller than that are
considered not trackable. Note that if the particle is fluorescent, the
minimum trackable size could be lower [39].

2.2.6. Image analyzer algorithm
The maximum tractable velocity by the image analyzer is de-

termined by the maximum particle displacement between two con-
secutive frames and the minimum frame time interval. To ensure the
accuracy of finding one particular particle, the maximum displacement
of one particle between 2 consecutive frames is set as 1/10 of the frame
width. With current resolution of 1200×500 pixels (set with con-
sideration of uniformity of Sm, and the analysis throughput) and
aforementioned 1.53 μm/pixel spatial resolution, the maximum dis-
placement is 184 μm. Furthermore, the minimum frame time interval is
limited by data transition rate from the camera to the PC, which is 5
frames/s at current settings. The resulting upper velocity limit is

918 μm/s. Combined with Eq. (3), we obtain the relation between
maximum susceptibility difference and the particle diameter.

It is worth mentioning a few ways of increasing the maximum
measurable susceptibility difference, including switching to a magnet
assembly with smaller Sm parameter, increasing the viscosity of liquid
(e.g. by adding glycerol), increasing liquid magnetic susceptibility (e.g.
by adding Gd3+ ions), and increasing the binning of the image, which
essentially lowers the quality of the image and increase the number of
frames transferred in given time. As for the minimum velocity, it could
be lowered by increasing the frame time interval to such length that the
particle migrates for 1 pixel distance, which may approach the thermal
noise limit and become impractically lengthy.

2.3. RBC magnetic susceptibility by SQUID-MPMS

The SQUID MPMS-5 (Quantum Design, San Diego, USA) located in
the Physics Department of The Ohio State University was used in this
study as a benchmark for RBC susceptibility data obtained by magne-
tophoretic analysis. The centerpiece of SQUID-MPMS system is rf-
SQUID, which is a sensitive magnetometer (flux-to-voltage converter)
based on the Josephson’s tunneling effect [40] and magnetic flux
quantization [41]. Rather than directly interacting with the rf-SQUID,
the sample interacts with the signal pick-up loop, which is a super-
conducting second-order gradiometer used to eliminate signal drift. A
superconducting magnet magnetizes the sample, considered a point-
mass, at a wide range of the applied field (up to −8 T to +8 T) and at a
precisely controlled temperature. The SQUID-MPMS system was
equipped with the Reciprocating Sample Option (RSO) tool that moves
the sample (guided by a generic polymer drinking straw) in a reciprocal
motion at multiple sampling points along the gradiometer axis thus
inducing current in the gradiometer coils, proportional to the sample
magnetic moment. Repeated measurements improve the accuracy of
the method.

Blood samples were purchased from American Red Cross,
Columbus, OH or Cleveland Clinic Pathology Department (following
approval of the respective institutional ethics review boards) then wa-
shed with phosphate buffer saline (PBS) followed by RBC count, and
treated for hemoglobin conversion into three different forms differing
in the magnetic susceptibility, as follows:

1) The conversion to diamagnetic hemoglobin was achieved by ex-
posing the RBC aliquot to air and sealing the RBC sample in the
quartz tube for SQUID-MPMS analysis in the air atmosphere.

2) The conversion to paramagnetic met-hemoglobin was achieved by
treating RBC aliquot with 5mM NaNO2 for 1 h, followed by transfer
to a quartz glass container, as described below.

3) The conversion to paramagnetic deoxygenated hemoglobin was
achieved by spreading 2mL RBC aliquot in 57 cm2 Petri dish and
placing the dish inside a sealed glove box filled with 90% N2 and
10% H2 gas for 1 h. The subsequent transfer of the deoxyRBC sample
to a sealed SQUID-MPMS sample holder was performed inside the
same glove box. Twenty μL RBC aliquot was transferred to a con-
tainer of 12.7 mm in length, formed from a quartz tubing O.D. 4mm
by flame-sealing one end in the glass-blowing laboratory, OSU, prior
to the experiment. The other end was sealed with epoxy resin in the
glove box container and cured for 1 h (Fig. 4). The sealed tubes were
tested in vacuum for 1 h to ensure that they were airtight. The
samples were affixed to a polymeric drinking straw and taken for the
SQUID-MPMS measurement. All measurements were taken at 300 K
(pre-equilibrated) and the applied field range from −70,000 Oe to
70,000 Oe (500 Oe step-size, 29 sampling points in total). As all the
parts of the sample and holder assembly contribute to the SQUID-
MPMS signal, the contribution from the constituent sample holder,
liquid media, air and nitrogen atmosphere were determined in-
dependently of the RBC sample measurement. The total volume
magnetization of the RBC sample-holder assembly is the volume-

Fig. 4. Blood sample container for SQUID-MPMS red blood cell magnetic sus-
ceptibility determination. Right panel illustrates placement of the container in
the SQUID-MPMS apparatus.
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weighed mean of its constituents, including the cells, the suspending
media (PBS), the quartz tube, the gas in the tube and the epoxy seal.
Therefore, the RBC contribution was calculated as the difference
between the SQUID-MPMS signal, s and the other constituents:
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and s is the slope of the experimentally determined regression line of m
on H (emu/Oe). The SQUID-MPMS measurements were reported in CGS
system of units. Here H is the applied field strength (Oe), m is the total
magnetic moment of the sample at applied field H (emu), mi is the
magnetic moment of constituent i at the applied field H (emu), χi is the
volume magnetic susceptibility of constituent i (dimensionless), Vi is the
volume of constituent i (cm3), ′χj is the mass magnetic susceptibility of
constituent j (cm3/g),Wj is the mass of constituent j (g). By knowing the
value of all terms except the magnetic susceptibility of RBC, χRBC in Eq.
(3), the mean volume magnetic susceptibility of the RBC in suspension
was calculated. The error of the SQUID-MPMS method was calculated
by error propagation. The numerical value of the magnetic suscept-
ibility in CGS system is converted to that in SI units system by multi-
plying by 4π.

2.4. Theory and calculations

RBC volume magnetic susceptibility was calculated from suscept-
ibilities of its components, including hemoglobin with oxygen-saturated
heme groups (oxy RBC, null magnetic moment contribution from O2-
heme group), hemoglobin without oxygen (deoxy RBC, 4 Bohr mag-
netons per heme group), and hemoglobin with covalently bound
oxygen to the heme groups, or methemoglobin, met RBC (5 Bohr
magnetons per heme group) [42,43]. The model was described in detail
elsewhere [14]. The values of net volume RBC magnetic susceptibility,
first entry in Table 1 therein, denoting difference between suscept-
ibilities of RBC and water (in CGS units system), ΔχRBC= χRBC –
χH2O=−0.0147× 10−6 (oxy RBC), 0.265× 10−6 (deoxy RBC), and
0.301× 10−6 (met RBC) were used to calculate the RBC susceptibility
by adding that of water and multiplying by 4π for conversion to the SI
units system, resulting in χRBC=−9.23×10−6 (oxy RBC),
−5.72×10−6 (deoxy RBC), and −5.27× 10−6 (met RBC).

2.5. Error analysis

The magnetophoretic and sedimentation velocity distributions did
not meet the criteria of random distributions (by Shapiro-Wilk nor-
mality test at p less than 0.05) and therefore Mann-Whitney rank sum
test was used for testing for difference between means. Statistical
analysis software package SigmaPlot© v.14 from Systat Software, Inc.
was used for data analysis and graphical presentation. The sources of
error are discussed in preceding section “2.2 Measurement range of the
cell magnetophoretic analysis”. The resulting uncertainty in the cell
velocity determination are estimated at 0.3 μm/s on average over the

entire range of the velocity values. An important source of velocity data
dispersion is the natural size distribution of RBCs. The RBC volume
coefficient of variation is 28% (by Coulter Counter, data not shown). An
important part of the magnetophoretic velocity determination is
achieving a steady state cell motion. This was accomplished by adding a
wait time of 100 s to 200 s after the sample injection into the channel
before commencing the image acquisition.

The sources of error in the proposed method of SQUID-MPMS
measurement of liquid blood sample is mainly related to the fact that
the cells contribute only a small portion to the total magnetic moment
of the sample and container volume (estimated at less than 10%). The
cell count uncertainty in the sample (by hemacytometer) is approxi-
mately 10%. Additional sources of error include deviation from the
point mass assumption of the sample and holder assembly and het-
erogeneity of the cell suspension [44,45]. Less than 3% error is in-
troduced if the volume of the sample is not larger than 5% of the gra-
diometer volume, assuming that it is properly aligned with the
centerline of the gradiometer and the RSO approach is used, applicable
to our technique. A common source of error in both methods of the RBC
susceptibility determination is the uncertainty in the completeness of
RBC de-oxygenation, which is difficult to achieve because of high af-
finity of hemoglobin to oxygen at low oxygen concentration.

3. Results and discussion

The RBC magnetophoretic and sedimentation velocity distributions
for all three types of hemoglobin are shown in Fig. 5 (single species
RBCs) and Fig. 6 (oxy RBC mixed in equal proportion with met RBCs).
The mean RBC volume magnetic susceptibilities calculated from their
mean magnetophoretic velocities using Eqs. (3) and (4) are shown in
Table 1. Also included in the Table are SQUID-MPMS results and the-
oretical values calculated from known concentration of intracellular
hemoglobin, magnetic moment of hemoglobin compounds of deox-
ygenated, oxygenated and oxidized (met) hemoglobin, RBC volume and
its equivalent spherical RBC diameter and fluid media viscosity [14].
Inspection of Fig. 5a shows clear separation of magnetophoretic peaks
between oxy RBC and met RBC samples (highly significant by Mann-
Whitney test at p < 0.001). The same, clear separation of peaks is
observed for oxy RBC and deoxy RBC samples, Fig. 5b. The oxy Hb
mean magnetophoretic velocity was small and negative as expected of a
particle that is slightly more diamagnetic than water (the 99% con-
fidence interval of the mean, [−0.1, −0.06] μm/s, did not contain the
null value). In contrast, no significant difference was detected between
deoxy RBC and met RBC magnetophoretic velocity distributions (Fig. 5a
and b).

The sedimentation velocity distributions are comparable for all
three RBC species, with overlapping peaks and negligible differences
between respective mean velocities compared to the unity standard
deviation (Fig. 5 and Table 1). This is expected of the RBC samples
differing only in their oxygen binding status. However, the corre-
sponding mean RBC equivalent spherical diameters, DRBC calculated
from Eq. (4), are significantly larger, 9.8–10.2 μm than expected for
normal RBCs from healthy individuals, 5.6 μm (equivalent spherical

Table 1
Volume magnetic susceptibility (SI) of RBC measured by magnetophoresis (mean ± SD, sample sizes as shown in Figs. 5 and 6) and compared to SQUID-MPMS
(mean ± standard error) and from theoretical calculations [14]. Value of χH2O=−9.05× 10−6 was used for water.

Method Parameter Oxy RBC Deoxy RBC Met RBC

Magnetophoresis v (μm/s) 2.31 ± 0.36 2.39 ± 0.57 2.55 ± 0.41
DRBC (μm) 9.8 ± 3.8 9.9 ± 5.0 10.2 ± 4.1
um (μm/s) −0.08 ± 0.26 1.55 ± 0.66 1.61 ± 0.55
χRBC ×106 −9.19 ± 0.47 −6.39 ± 1.1 −6.46 ± 0.88

SQUID-MPMS χRBC ×106 −9.73 ± 1.34 −7.34 ± 1.17 −6.02 ± 1.1

Theory χRBC×106 (CGS) −0.7349 −0.4552 −0.4192
χRBC ×106 −9.23 −5.72 −5.27
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diameter of a 90 fL normocyte). The reason for the difference compared
to the normal value is unclear and could be related to the discoid shape
of the RBC leading to its faster sedimentation than expected from the
RBC equivalent spherical diameter calculated by standard reference
methods (cell electrical impedance measurement used in Coulter
counter or by cell image analysis). An intriguing possibility is a spatial
ordering of RBCs by the imposed magnetic field known for orienting the
RBCs with their disk plane along the B field lines (note the nearly
vertical direction of B field lines in the microscope FOV shown in
Fig. 1c) [46]. This would significantly decrease the RBC retardation by
the fluid frictional forces as the RBC falls in the fluid edge-on.

Another potential source of discrepancy is the type of blood used in
the study (stored blood rather than freshly collected). Nevertheless,
when used for calculation of the RBC susceptibility from Eq. (3), the
measured RBC diameters result in the RBC susceptibility values that are
within the experimental error of SQUID-MPMS results and are com-
parable to those calculated from theory, Table 1. Significantly, the oxy
RBC susceptibility is lower than that of water and the deoxy RBC and
met RBC susceptibilities are higher compared to water, as expected

from the theory, Table 1. Those differences are highly significant, based
on significant separation of magnetophoretic velocity peaks in Fig. 5,
and the significant shift of the oxy RBC magnetophoretic velocity peak
to negative side of the null value, discussed above. Again, no difference
was measured between deoxy RBC and met RBC values by magneto-
phoresis, although comparatively higher values are expected for met
RBC from the theory and indeed, are so measured by SQUID-MPMS,
Table 1. Interestingly, the SQUID-MPMS values were systematically
lower than the corresponding values obtained by RBC magnetophoresis,
and lower than expected from theory. This could be related to a sys-
tematic error introduced by a large diamagnetic contribution from
fused silica/quartz sample tube (χ=−11.3×10−6) as compared to a
relatively small cell contribution, and possibly by the cell number un-
dercount.

Significantly, the magnetophoretic velocity distribution for a mixed
population of oxy RBCs and met RBCs, Fig. 6 correctly reproduced the
peaks seen for the separately analyzed RBC populations, Fig. 5. Si-
multaneous measurement of component susceptibilities in a mixture
was not possible by the SQUID-MPMS method.

SQUID-MPMS was used before to determine magnetic properties of
biological matter but not in its native state, as used in our work. In
particular, Hackett et al. [27] examined the iron susceptibility in var-
ious form of hemoglobin including oxyhemoglobin, methemoglobin
and hemoglobin from malaria-infected RBCs by measuring the sus-
ceptibility of frozen RBC lysate in SQUID-MPMS at 10 K and 265 K and
showed a positive correlation between the iron susceptibility from
malaria-infected RBCs and the maturation of malaria parasite. Karl
et al. [4] measured the magnetic properties of lympholyzed Schisto-
some eggshells (S. mansoni and S. japonicum) from 10 to 300 K that
suggested presence of a mixture of high and low spin iron in the sample.
Mejias et al. [28] examined the magnetic nanoparticle uptake by tissue
in lympholized samples at 10–100 K and showed decreasing suscept-
ibility over time indicating degradation of the particles. Hashimoto
[47] developed a paper-strip adhesion method to measure the con-
centration of magnetic particles attached to cell surface. Our work de-
monstrated that with proper attention to finding the right sample
container (such as fashioned from a quartz tubing), careful sealing (to
avoid He gas contamination inside the SQUID-MPMS used to control
the temperature) and proper calibraion of all the sample holder com-
ponents, the SQUID-MPMS could be also used for liquid sample mea-
surements.

Magnetophoretic cell analysis used in this work is a part of a large

Fig. 5. Single population RBC magnetophoretic velocity (horizontal axis) and
sedimentation velocity (vertical axis) scatter plots with the respective marginal
histograms. Oxygenated RBCs are shown in gray. a) Methemoglobin RBCs. b)
Deoxygenated RBCs. Note shift in the RBC magnetophoretic velocity distribu-
tions from low to high values with the conversion of low spin Hb (oxy RBC) to
high spin Hb (methemoglobin or deoxy RBC, black). The sedimentation velocity
of the three types of RBCs remained unchanged (side histograms), as expected.
The size of the cross marks approximates two mean standard deviations of a
single track RBC velocity measurement. Parameter N denotes number of RBCs
tracked, and 102 bins were used for constructing each histogram.

Fig. 6. As in Fig. 5 but for a 50:50 mixture of oxy RBCs and met RBCs in sus-
pension. Note clear segregation of the sample into two populations with respect
to the RBC magnetophoretic velocity but not the sedimentation velocity, as
expected from the results for single RBC populations shown in Fig. 5.

W. Xue et al. Journal of Magnetism and Magnetic Materials 474 (2019) 152–160

158



family of magnetophoretic methods developed for analytical and pre-
parative applications in biomedical research and laboratory medicine.
Relevant examples include already cited work by Watarai et al. [7] later
modified to include zero-velocity approach using susceptibility gradient
in the liquid media for improved accuracy [30]. “Thales” system was
developed for specialized applications to characterization of 1–10 μm
particles requiring lower magnetic field and gradient than used in this
work [3]. Mair and Superfine [31] used magnetophoresis to study in-
teractions between magnetic nanorods and extracellular matrix. The
unique feature of the magnetophoretic method used in this study it the
extension of a nearly constant magneto-ponderomotive force acting on
a cell, Sm over the entire microscope’s FOV (Fig. 2). This increases the
accuracy of the cell magnetophoretic velocity measurement and makes
it a useful parameter for magnetic susceptibility calculation. The added
feature of a (nearly) orthogonal cell sedimentation velocity measure-
ment provides means for calculation of an equivalent spherical dia-
meter of the cell (providing that its density is also known). The si-
multaneous measurement of the cell magnetophoretic, um and
sedimentation, v velocities provides a means to eliminate the cell dia-
meter altogether from the cell susceptibility calculation by working
with the ratio of the two, um/v (note how DRBC cancels out when
working with Eqs. (1) and (4); incidentally, the fluid viscosity, η cancels
out, too). The measurement range of the magnetophoretic method is
summarized in Fig. 7. We continue testing the method’s capability in
applications to measuring cell susceptibility in its natural milieu.

4. Conclusions

Cell magnetophoresis in a well-defined magnetostatic potential en-
ergy gradient, coupled with microscopic cell motion analysis provides
unique means of an intact, single cell magnetic susceptibility mea-
surement in its minimally modified milieu (physiologic electrolyte so-
lution). The accuracy of the method was tested on human red blood
cells differing in hemoglobin type known for difference in the magnetic
susceptibility: diamagnetic oxy-hemoglobin, paramagnetic deoxy-he-
moglobin and met-hemoglobin. The RBC population mean values
agreed, within the experimental error, with the susceptibility mea-
surements performed by SQUID-MPMS, used as a reference standard,
for all three different RBC species, thus establishing cell magneto-
phoresis determination by CTV as a viable method of single cell sus-
ceptometry. Based on a number of cells required for measurement and

considering that at least 5000 RBCs were required for a meaningful
SQUID-MPMS measurement, the CTV susceptometry is estimated to be
5000 times more sensitive than SQUID-MPMS. This was confirmed for a
mixed RBC population containing both diamagnetic and paramagnetic
hemoglobin species producing bimodal RBC magnetophoretic velocity
distribution with well-separated peaks, at peak locations corresponding
to single species measurements, a result unattainable by SQUID-MPMS.
Current work concentrates on further increase in sensitivity of the
magnetophoretic analysis to further test the method on other cell types
known for the presence of paramagnetic constituents [48].
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