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Abstract Cell manipulation is one of the fastest growing segments of biotech-
nology engineering, and magnetic cell separation plays a large part in its devel-
opment. Because of low magnetic permeability of biological materials, the
magnetostatic forces can be made to operate highly selectively on cells tagged
with magnetic nanoparticles, with no interference from the physiological electro-
Iyte solutions used for cell suspension and from other cells. The increasing avail-
ability of inexpensive permanent magnet blocks capable of generating fields in
excess of 1 tesla (T) and gradients up to 1000 T/m combined with a large selection
of targeting antibodies against nearly all cell surface markers of interest in clini-
cal and laboratory applications, together with high-quality superparamagnetic iron
oxide nanoparticles, makes magnetic separation an appealing alternative to other
cell separation methods, including centrifugation and fluorescence-activated cell
sorting. This chapter provides a brief overview of the underlying physical princi-
ples and a number of examples selected from a large body of scientific literature
published on the subject.
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1 Introduction

Rapidly growing demands for better cell separation methods in cell biology
and clinical laboratories propelled magnetic cell separation to the forefront of
laboratory preparative separation techniques (Yavuz etal. 2009; Zborowski
and Chalmers 2008; Pamme and Manz 2004). Its advantages include relative
simplicity of operation, low capital investment, and rapidly expanding selec-
tion of targeting antibodies and magnetic tagging nanoparticles (Griitzkau and
Radbruch 2010). It has become one of the principal cell separation methods,
alongside with centrifugation and fluorescence-activated cell sorting (FACS)
(Gijs et al. 2010). Notable examples include its application to detection of rare,
circulating tumor cells (CTCs) as a prognostic biomarker of cancer treatment
approved by the U.S. Food and Drug Administration (FDA) for detection of
metastatic breast, prostate, and colorectal CTCs (de Wit et al. 2015). Progress
in the chemistry of superparamagnetic iron oxide nanoparticles (SPIONs) and
their conjugation with monoclonal antibodies made it possible to sort cells in
high throughput bioassays (Vyas et al. 2012). Notable recent examples include
ligand-independent magnetic cell sorting by field-induced cell motion (magne-
tophoresis) instead of capture on a solid substrate (Karabacak et al. 2014). This,
plus a rapid progress in microelectromechanical systems (MEMS), optical detec-
tion and separation technologies brought about much improved understanding
of CTC biology. The remarkable increase in the strength of permanent magnets
over the past two decades makes it possible to consider building a practical sys-
tem strong enough to sort cells based on their weakly paramagnetic moment,
without labeling by SPIONs (Knowlton et al. 2015; Sumari et al. 2016; Melnik
et al. 2007). This chapter provides a brief review of underlying physical princi-
ples of magnetic cell separation and selected examples that only partially cover
the rapidly expanding field.
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2 Elements of Magnetostatics in Application
to Cell Separation

The unique feature of magnetic cell separation is that it is performed in a continu-
ous phase (aqueous electrolyte solutions) that is similar in its characteristic physical
properties to those of the dispersed phase (cells) because of the cells’ high water
content (approximately 70 % volume by volume, v/v). This is unlike magnetic sep-
aration in typical industrial applications, such as separation of iron contaminants
from dry mass or iron particles from environmental water, or use of magnetic forces
in particle physics requiring high vacuum (Ramsey 1990; Sun 1980). The similar-
ity between the continuous and dispersed phases poses challenges in magnetic cell
separation but is also a source of opportunities that continue to be explored in many
laboratories. Therefore, a brief overview of the magnetic forces and their effect on
cell motion in the viscous media is provided here.

2.1 Magnetic Ponderomotive Force in Two-Phase Media

The application of the magnetic field to an aqueous cell suspension leads to the
magnetic polarization (magnetization) of both the dispersed phase (cells) and the
continuous phase (aqueous electrolyte solution). The resulting local field causing
the cell magnetization is modified by the magnetization of the continuous phase,
resulting in the expression for the force similar to that describing the effect of
the dielectric polarization on the local electric field, known as Clausius—Mossotti
relation (Schwinger et al. 1998). Thus assuming a small, spherical, magnetically
polarizable particle of radius R and magnetic permeability wp free to translate and
rotate in magnetically polarizable solution of magnetic permeability us, the mag-
netic force acting on the particle is

R3 Mp — Ms

Fm =4 22 HVB, (1)

Mp + 205
where H is the local magnetic field strength (in ampere/m, A/m) and VB is the
gradient of the magnetic field induction B (in tesla, T) measured in the absence of
the magnetically polarizable media. Here the dimensionless, relative magnetic per-
meabilities are used, expressed with respect to the magnetic permeability of free
space, ito = 4 x 1077 T m/A. For a freely suspended particle, the magnetic force
vector is thus aligned with the vector of the local field gradient. It vanishes in the
absence of the local field gradient. For separation of small, weakly magnetizable
particles, high magnetic field gradients are necessary.

Related to the molecular properties of the magnetically polarizable materials,
their relative magnetic permeability differs from slightly less than unity (diamag-
netic matter, such as water) to more than unity (paramagnetic matter) to sev-
eral orders of magnitude higher than unity (ferromagnetic materials). This has
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interesting implications for the direction of the magnetic force vector relative to
that of the local field gradient as that direction depends on the sign of magnetic
permeability difference, , — . Thus, six combinations are possible:

1. Paramagnetic particle in weakly paramagnetic solution, 1 < us < pup —
tp — ts > 0 resulting in the magnetic force being parallel to the local field
gradient (attractive force).

2. Weakly paramagnetic particle in a (relatively) strongly paramagnetic solution,
I < pup < ws = pp — ps < Oresulting in the magnetic force being antiparallel
to the local field gradient (repulsive force).

3. Paramagnetic particle in diamagnetic solution, 0 < us <1 < pp —>
p — ms > 0 (attractive force).

4. Diamagnetic particle in paramagnetic solution, 0 < up <1 < g —
wp — ms < 0 (repulsive force).

5. Diamagnetic particle in a relatively weaker diamagnetic solution,
0<pup < s <1 — pp — pus < 0 (repulsive force).

6. Diamagnetic particle in a relatively stronger diamagnetic solution,
0<pus < pp <1 — pp — us > 0 (attractive force).

All six instances of the attractive and repulsive magnetic forces have been
described in the literature on magnetic cell separation, leading to interesting obser-
vations of the fundamental and practical nature. One of them was an apparent
contradiction with the fundamental tenet of magnetostatics that the magnetostatic
forces alone (or in combination with conservative forces, such as gravity) could
not lead to a stable equilibrium (the Earnshaw theorem applied to magnetostatics).
A vivid illustration is an everyday life experience of impossibility of suspending a
steel ball in the air using permanent magnets only. Yet such a stable configuration
has been realized by replacing air with a ferrofluid of a higher magnetic permea-
bility than that of the steel ball (which would make it an example of the type no. 2
in the above list, with the paramagnetic matter replaced by the ferromagnetic one)
(Rosensweig 1997). Practical examples of type 4 in the list include addition of sol-
uble paramagnetic ions (rare earth) to separate dispersed phase (such as cells) by
magnetic repulsion (Zimmels and Yaniv 1976; Watarai and Namba 2001; Moore
et al. 2004; Peyman et al. 2009; Hwang et al. 1984). Other examples include mag-
netic attraction of deoxygenated erythrocytes as a type 6 mechanism, and mag-
netic repulsion of oxygenated erythrocytes as type 5 mechanism (albeit very weak
in typical laboratory applications) (Zborowski et al. 2003).

Most magnetic permeabilities encountered in the biological magnetic separa-
tions are small, with their relative permeabilities very nearly equal to unity, and
therefore their magnetic properties are more conveniently described by the volume
magnetic susceptibility, x = u — 1. From the foregoing, x > 0 for paramagnetic
and ferromagnetic materials, and x < O for diamagnetic materials. With the substi-
tution of u = x + lin Eq. (1), one obtains:

Xp — Xs <l skl 4
oS DHVE T aR (- 1)

Fp, =4nR3 222
*n+ 2%+ 3
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The limiting case for xp, < 1, xs < 1 shown on the right approximates well most
if not all the magnetic cell separation situations, where the volume magnetic
susceptibility of the particle (cell) and the aqueous electrolyte solution is orders
of magnitude smaller than unity (the volume magnetic susceptibility of water is
Xty = —9.05 x 107%). Further simplification is obtained if one assumes that the
direction of the magnetic field gradient, VB changes little along the particle (cell)
trajectory, in which case only the force in the direction of the dominant component
of the field gradient is considered, here along the Ox axis:

Fm= ﬂJTR3( - )Hd—B 3

m =3 Xp — Xs dx 3)
The above formula is the one most frequently encountered in the literature on
magnetic cell separation for the good reason of providing a satisfactory, quantita-
tive measure of the magnetic force on the cell based on the material properties of
the cell and the continuous phase, and the imposed, local magnetic field and gradi-
ent (unperturbed by the media). There are other forms of the same equation of the
magnetic force on a cell whose usefulness depends on the context. One particular
variant often encountered in the literature makes an explicit use of the cell volume,
V= nR3 and the fact that the magnetic permeablhty of the media is ractlcally
equal to that of the free space, so that H = /7 and therefore H ‘;f = (fx (P ) lead-
ing to the expression:

d [ B?
Fn = V(Xp - Xs)a <2/LO> “4)

which emphasizes the fact that the magnetic force is proportional to the gradient
of square of the local field magnitude, for materials whose magnetization is a lin-
ear function of the applied field (diamagnetic and paramagnetic). The importance
of the field variable 2 o B (where Mo is a constant) is that it has a dimension of the
magnetostatic energy den51ty (in J/m3) which allows a direct comparison of mag-
netic force generation by permanent magnets, such as used for magnetic separa-
tion, typically characterized by the (external) field energy product given in units
of megagauss x oersted, MGOe, equivalent to 7957.75 J/m> in the SI system.
Thus the neodymium—iron—boron (NdFeB) magnet rated at the energy product
of 50 MGOe (3.98 x 10° J/m>) has a capability of exerting a force on paramag-
netic or superparamagnetic substance that is up to 100 times higher than that of an
Alnico magnet rated at five MGOe (assuming the same geometrical magnet con-
figuration and no demagnetization effects). Another important property of the field
variable % is that it has a dimension of pressure (in pascals) and as such plays
an important role in magnetohydrodynamics and ferrohydrodynamics, where it is
referred to as the magnetic field pressure (Rosensweig 1997). Thus Eq. (4) pro-
vides a link between the magnetohydrodynamics and a special case of the mag-
netic force on discrete particles (cells) in continuous media.
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2.2 Note on the Magnetic Susceptibility

There are a bewildering number of definitions of the magnetic susceptibility
encountered in the scientific literature, reflecting the depth and width of research
and applications of the electromagnetic phenomena, and a nearly 200 year his-
tory of rigorous, quantitative materials’ property determinations. The task of recal-
culating one type of magnetic susceptibility to another could be quite daunting,
especially to a novice to the magnetic cell separation literature, yet necessary for
any meaningful comparison between various magnetic separation systems. A brief
summary of the most frequently used formulas is provided below. The problem
is compounded by different systems of units used in the literature, which further
complicates an effective communication in such an interdisciplinary field that is
magnetic cell separation. The comparison between the two most relevant systems
of unit important for the magnetic separation topic, electromagnetic Gauss sys-
tem of units (centimeter—gram—second—coulomb, EM CGS), and the International
System of units (meter—kg—second—ampere, MKSA, or S]) is illustrated in Table 1.
The SI system of units is used in this chapter.

2.2.1 Volume Magnetic Susceptibility

The susceptibility x used in Eq. (3) is the volume magnetic susceptibility. It has
the desirable feature of being a dimensionless quantity and a simple physical inter-
pretation as a ratio of the magnetization of matter (more on magnetization below),
M, to the imposed magnetic field in the absence of matter, H:

X=4q &)

Both M and H are in the units of A/m. The volume magnetic susceptibility is
the standard magnetic susceptibility in the physics literature and is occasionally
referred to simply as the magnetic susceptibility.

Table 1 Magnetic susceptibility conversion factors

Susceptibility Symbol | x (EMU CGS units) | x (SI units) To obtain value in SI units,
designation multiply value in EMU
CGS units by
Volume X 1 1 4
3 3 4
Mass Xg — I 1000
. 3 3 4
Specific Xe — I 000
3 3 3 Ao Am
respectively
. / 3 3 3 4 4
Onegram- XN T o1 O kmoi | 107 OF 1000
formula-weight respectively
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2.2.2 Mass (or Specific) Magnetic Susceptibility

The mass magnetic susceptibility, xo, arises when the volume of substance is
replaced by its mass in Eq. (1), as is the case in many practical applications for
which it is easier to determine the mass (by way of the weight) than the volume
of substance, such as for dry matter. The conversion of the mass magnetic sus-
ceptibility to volume magnetic susceptibility requires determination of the mass
density, p of the substance:

X = XgP 6)

The unit of the mass (or specific) magnetic susceptibility is the inverse of the mass
density, [x,] = m?/kg.

2.2.3 Molar Magnetic Susceptibility

The molar magnetic susceptibility, xn arises from measurements of known molar
amounts of the substance, and in order to recalculate it to the standard volume
magnetic susceptibility, a known molar concentration, c¢N (molarity, in units of
mol/L) is required:

X = xnen x 1000, (7)

where the factor 1000 accounts for the conversion of the molarity, cn, to mol/m3.
The unit of the molar magnetic susceptibility typically encountered in the litera-
ture is L/mol, and in the proper SI units it is [yn] = m3 /mol.

2.2.4 One-Gram-Formula-Weight Magnetic Susceptibility

The one-gram-formula-weight susceptibility, xy also arises from measurements of
known molar amounts, but unlike the molar magnetic susceptibility, the mass and
the volume of the substance are required to recalculate it to the standard volume
magnetic susceptibility. For known mass density, o and the molecular weight, My,
of the substance, one obtains:

P

X = XNMiw ®)
Again, care is required to express p and My, in the SI units (kg/m> and kg/mol)
rather than the customary CGS units (g/cm’ and g/mol). The units of the one-
gram-formula-weight magnetic susceptibility are the same as the molar suscep-
tibility, [XI’\]] = m>/mol. The significance of this type of magnetic susceptibility
is that it is occasionally used in the reference books in physics and chemistry, a
carryover from older literature.
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2.2.5 Magnetic Susceptibility of a Mixture (or Bulk Magnetic
Susceptibility)

For a compound substance, the volume magnetic susceptibility is the weighted
sum of the component susceptibilities, with the volume fraction as the weighting
factor:

N
X=>_ ¢ixi )
i=1

where x; is the volume magnetic susceptibility of the ith component with the frac-
tional volume of ¢; = V;/V,i=1...,N and V is the total volume of the sample.

2.2.6 Magnetic Susceptibility Conversion Factor Between the CGS
and SI System of Units

For the properly defined volume magnetic susceptibilities in the two units systems,
the conversion factor is 4, so that the susceptibility in the SI units is 47-times
larger than that in the CGS units. For instance, water volume susceptibility (CGS)
is —0.72 x 107, that in the SI system of units (SI) is —9.04 x 1076,

3 Basic Magnetic Properties of Matter

The introduction of matter in the magnetic field modifies the field and the differ-
ence between the field measured in the matter, B and the field in free space, H is
the matter magnetization:
B
M=—-H (10)
[220]
Here again the constant g is the unit conversion factor. In the absence of matter
(in free space) or for very weakly magnetized substances (M| ~ 1 A/m) typical of
air, water and applications in biology, magnetization vanishes or is assumed negli-
gible and the B field equals the H field, B = poF. For strongly magnetic materials,
the magnetization may far exceed the applied field H, often by several orders of
magnitude (iron). Because of the difference in the response to the applied mag-
netic field, the materials are classified as (1) diamagnetic, weakly magnetized in
the opposite direction to the applied field, (2) paramagnetic, moderately magnet-
ized in the direction of the applied field, and (3) ferromagnetic, strongly magnet-
ized in the direction of the applied field. The magnetic properties of matter are
directly related to its molecular composition and the topic far exceeds the scope
of this chapter. There are many excellent introductory tests and advanced text-
books covering various aspects of the magnetic properties of matter (Jiles 2016).
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Suffices to say that magnetic materials are at the heart of the key technologies of
modern life, including information technology (hard disk drives and mass infor-
mation storage), microwave ovens (based on magnetron), reusable energy technol-
ogy (wind turbines), electric cars, and small electric helicopters (drones) just to
name the few. Closer to the topic of this chapter, the rapid progress in the synthe-
sis and characterization of magnetic microparticles and nanoparticles made it pos-
sible to design and implement new, high sensitivity diagnostic tests, MRI contrast
agent, targeted hyperthermia for localized tumor treatment, and the magnetic cell
separation (Jiles 2016; Krishnan 2016). Therefore, the topic of material magneti-
zation will be treated here only briefly, focusing on the aspects important for mag-
netic cell separation.

3.1 Linearly Magnetizable Matter

A linear relationship between the magnetization and the applied field is character-
istic of diamagnetic and paramagnetic substances, with the volume magnetic sus-
ceptibility as a proportionality constant, x (Eq. 5). The diamagnetic substances are
repulsed by the magnetic field and the paramagnetic substance is attracted by it, as
already mentioned above. Illustrative examples are discussed below.

3.1.1 Diamagnetic Matter

The diamagnetism is present in all types of substances because it is related to
subatomic properties of matter. For relatively weak magnetic fields, its presence
is negligible and in the presence of paramagnetic and ferromagnetic effects, it
is usually masked by them because it is the weakest of the three. Nevertheless,
for accurate susceptibility determination, the diamagnetic contributions from the
sample constituents cannot be neglected, especially if those constituents take up a
significant volume fraction of the sample (Eq. 8), such as water in the cell (70 %
v/v or higher). For sufficiently high magnetic fields and gradients, the diamagnetic
effects become appreciable and have been proposed for use in practical applica-
tions, such as diamagnetic separation (Peyman et al. 2009; Hirota et al. 2004;
Mirica et al. 2009, 2010; Vojtisek et al. 2012). To estimate the magnitude of the
magnetic field and gradient necessary to suspend a water droplet in the air, one
compares the magnetic force (Eq. 4) to the weight (pVg) of the droplet:

Fo___pVe _p Zmg mcr B0
Fo d( B\ dB2 dx ’ (11)
m XV&(%) x & X

where p = 1000 kg/m> is the water mass density, g = 9.81 m/s” is the standard
gravitational acceleration, x = —9.05 x 107® and up =47 x 10~7 T m/A. Note
that the volume V of droplet dropped out of the equation. No correction for the
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air density and air magnetic susceptibility was made in Eq. (11). The resulting
field energy density gradient required to suspend the water droplet in the air is
2720 T%/m, which could be achieved, for instance, in a configuration of field gradi-
ent of 272 T/m and field magnitude of 10 T. This has been experimentally dem-
onstrated using superconducting magnets (Hirota et al. 2004) and is within the
reach of permanent magnets and microdroplets, for which the field gradients could
be made much higher to compensate for the lower available magnetic field, for
instance 1500 T/m and field of 1.82 T.

The majority of biological material is diamagnetic with a few important excep-
tions, such as hemoglobin and its derivatives (Zborowski et al. 2003), ferritin
(Zborowski et al. 1995), magnetosomes in magnetotactic bacteria (Posfai et al.
2013), and endospores of Bacillus thuringiensis (Melnik et al. 2007). The bulk
magnetic susceptibility of eukaryotic organisms is diamagnetic as demonstrated
by magnetic levitation of whole organisms, notably frogs and strawberries (Simon
and Geim 2000).

3.1.2 Paramagnetic Matter

Unlike diamagnetic matter, paramagnetic matter consists of atomic or molecular
permanent magnetic dipoles whose magnitude does not depend on the applied
magnetic field, in particular, they do not vanish in the absence of the magnetic
field. Rather, their spatial orientation depends on the magnetic field—the higher
the field, the higher the degree of alignment with the local field vector. The unit
atomic dipole moment is Bohr magneton, up=9.274 x 10~2* J/tesla (J/T).
A good first approximation of the net magnetization of a mole of paramagnetic
material per unit of the applied magnetic field is that of an ideal gas of elementary
magnetic dipoles, ua at the absolute temperature 7, due to Paul Langevin (Bozorth
1993). In the limit of low field, the molar magnetic susceptibility does not depend
on the applied field and is a quadratic function of the elementary magnetic dipole
moment, ua and an inverse function of the temperature:

_ Napons

NT s

where k=138 x 10723 J/kelvin (J/K) is the Boltzmann constant and
Na = 6.022 x 10?3 is the Avogadro number. With increasing applied field the
molar magnetization departs from linearity and it becomes a (Langevin) function
of the applied field, reaching saturation at high fields. Further refinements include
correction to temperature 7" by replacing it by 7' — T¢, where T¢ is the Curie tem-
perature below which the elementary dipole moments become frozen in space,
important in the description of ferromagnetic materials (see below). Quantum
mechanical effects are introduced by replacing Boltzmann statistics of the ele-
mentary dipole moment distribution by quantized states statistics limiting the
number of allowable dipole orientations relative to the applied field vector (due
to Brillouin) (Bozorth 1993). This was used by Pauling and Coryell (1936) to

(12)
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demonstrate consistency of the quantum mechanical model of chemical bond with
experimental measurements of the magnetic susceptibility using hemoglobin and
its derivatives as an example.

Examples of paramagnetic substances include certain lanthanides and their
aqueous solutions. For instance, gadolinium has the fourth highest magnetic
moment of all the elements (7.95 Bohr magnetons), significantly higher than
elemental iron (2.2 Bohr magnetons) (Bozorth 1993). Correspondingly, the molar
susceptibility of Gd** is 0.34 in room temperature. The high magnetic moment,
plus the extreme stability of the Gd-DTPA complex, made it a contrast agent
of choice for MRI applications. Commercial preparations of chelated gado-
linium, such as Magnevist (Berlex Labs, Richmond, CA, USA) and Optimark
(Mallinckrodt Inc., St. Louis, MO, USA) were used but had to be withdrawn from
the market because of kidney toxicity. The strictly paramagnetic behavior of lan-
thanide solutions is important for calibration of the instruments used for measur-
ing cell magnetophoresis by cell tracking velocimetry (CTV) (Moore et al. 2004;
Zhang et al. 2005). Paramagnetic solutions of erbium have been evaluated for use
as the cell magnetization reagents for magnetic cell separation (Russell et al. 1987;
Zborowski et al. 1992).

Another example of paramagnetic compound important in the context of mag-
netic cell separation is hemoglobin, the oxygen-carrying protein in red blood cells.
The paramagnetic contribution comes from the heme group but not from the glo-
bin part, and only when the hemoglobin is dissociated from the oxygen molecule
(deoxyhemoglobin). The effective magnetic moment of the deoxy heme group
is 5.46 Bohr magnetons, and the total paramagnetic contribution of the heme
increases to four times that value because of the presence of four heme groups
in the hemoglobin molecule. With the binding of the oxygen molecule, the elec-
tronic structure of the heme group changes so that its magnetic dipole moment
vanishes (Pauling and Coryell 1936). The paramagnetic forces acting on deoxy-
genated erythrocytes are sufficiently high to observe their motion in the magnetic
field (Zborowski et al. 2003).

3.2 Superparamagnetic Microparticles

The atomic structure of certain metals, notably iron, favors coordination of ele-
mental magnetic dipole moments below Curie temperature over the distances of
hundreds of atom diameters. The effect is known as the ferromagnetism (Jiles
2016; Bozorth 1993). This gives rise to a strong magnetization of the volume of
such coordinated magnetic moments, known as the magnetic domain (Jakubovics
1994). The magnetic properties of ferromagnets depend, among other things,
on their size. In particular, if the size of a ferromagnetic material is equal to or
smaller than that of a magnetic domain, typically on the order of 10 nm, then such
materials are extremely hard to demagnetize and behave like single but large mag-
netic dipoles (Krishnan 2010). The magnetic moment of such magnetic domain
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dipoles can reach 10° Bohr magnetons (Gider et al. 1995). The collective behavior
of such nanoparticles, including the volume magnetization of their liquid suspen-
sion, is similar to that of paramagnetic solutions except that it is much stronger
(Rosensweig 1997). In particular, the magnetization curve of a superparamagnetic
colloid does not depend on previous history of magnetization (no hysteresis) and
ideally crosses zero. For that reason such a dispersed phase came to be known as
“superparamagnetic”. Superparamagnetic particles have many interesting proper-
ties and are a subject of active research and applications. In particular, because
of their small size and high magnetic moment, and in the case of iron, relatively
low toxicity, they are an ideal component of magnetic cell separation schemes.
That particular class of magnetic particles is often referred to as “superparamag-
netic iron oxide nanoparticles”, or SPIONs, in the magnetic cell separation litera-
ture (Thanh 2012). All commercial magnetic cell separation systems operate on
the basis of selective attachment of superparamagnetic particle to target cells and
their removal from suspension by the applied magnetic field. From Egs. (4), (7),
(9), and (12), and for known composition and physical properties of SPIONs one
calculates that it takes only a few SPIONs to convert the average volume mag-
netic susceptibility of the cell-SPION complex from diamagnetic to paramagnetic
and thus isolate it magnetically from an aqueous suspension of unlabeled cells.
The high specificity of SPIONs to a particular cell type is achieved by conjugat-
ing it to a ligand such as a monoclonal antibody that has high specificity to that
particular cell type (Griitzkau and Radbruch 2010). SPION suspensions have
other biomedical uses, such MRI contrast agents, replacing chelated gadolinium
solutions because of their lower toxicity. They have been considered for appli-
cations to tumor-targeted hyperthermia although their mechanism of action is
unclear because they lack hysteresis and therefore do not dissipate demagnetiza-
tion energy. They gave rise to a new body imaging technique, termed “Magnetic
Particle Imaging” (MPI) that provides information about SPION distribution in the
body similar to the information provided by an MRI contrast agent but at a much
lower cost of the capital equipment as no large, superconducting MRI magnets are
required but only a set of Helmholtz coils for the imaging (Krishnan 2016). The
preparation of magnetic particles for biomedical applications, including cell sepa-
ration has to take into account not only the magnetic properties of the particle,
but also its biological activity, including toxicity and biocompatibility (Hafeli et al.
2008).

3.3 Ferromagnetism and Permanent Magnets

Large, multi-domain structures in the order of centimeters form permanent mag-
nets that have been known since antiquity. They gave the name to the science of
magnetic phenomena, thought to be derived from an ancient site of the magnetic
mineral mining in Turkey’s Aegean Region. The mineral, magnetite, consists of a
mixture of iron oxides at different oxidation states, 2+ and 3+, with the chemical
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formula designated as Fe3O4. The synthesis and characterization of permanent
magnet materials is a very active part of materials science and engineering, and
the magnetic field intensity generated by the permanent magnet has grown expo-
nentially since 1940s. Because their magnetic properties are qualitatively compa-
rable to those of the natural magnetic mineral consisting of iron oxide, they are
classified as “ferromagnets” and the associated phenomena as “ferromagnetism”.
Pure metallic iron, Fe is ferromagnetic up to its Curie temperature of 770 °C,
above which it becomes paramagnetic (Bozorth 1993). In addition to iron, cobalt
and nickel also exhibit ferromagnetic properties, and are used in combination
with iron, as alloys, for permanent magnet production (Al-Ni—Co, or Alnico).
The current, widely used commercial magnets are alloys of iron with a rare earth
element, neodymium, and boron, Nd,Fe 4B, capable of generating at their sur-
face the magnetic fields in excess of 1 T. They combine the desirable features of
high magnetization (high remanence, up to 1.3 T), resistance to demagnetiza-
tion (high coercivity, equivalent to more than 1 T), reasonably high Curie tem-
perature (in excess of 300 °C, although their magnetization starts to degrade at
much lower temperature, at around 150 °C), and a relatively low price (at around
USD 100 per kilogram). Permanent magnets become indispensable for green
energy technology development because they are a critical part of wind turbine
generator (three metric tons of NdFeB magnets per megawatt) and became an
important element of electric cars (in excess of 2 kg NdFeB per car). The NdFeB
magnets are also a key part of a rapidly growing industry of unmanned aerial
vehicles (UAVs) or drones. The predicted growth in the global use of the perma-
nent magnets leads to concerns about the limited supply of rare earth metals and
their becoming an element of strategic importance, leading to renewed interest in
research and development of new permanent magnet materials not relying on rare
earth metals.

The magnetization of the ferromagnetic materials is determined by the applied
magnetic field and their magnetization history (hysteresis) (Fig. 1). In particular,
pure metallic iron exhibits the highest saturation magnetization of all permanent
magnet materials, My = 2.17T. The corresponding effective magnetic dipole
moment of iron atom in the elemental iron sample is 2.2 Bohr magnetons. Pure
metallic iron is characterized by low saturating field, 15 mT, but also by a low
coercivity, 4 mT, which makes it a “soft” magnetic material (easy to demagnet-
ize, unsuitable for magnetic field generation in magnetic structures). It is a good
conductor of magnetic flux (high magnetic permeability, u 2~ 10°) and as such it
is a principal component of magnet pole pieces. In contrast, the permanent mag-
nets such as NdFeB are designed for high coercivity (that makes them a “hard”
magnetic material) as well as for high remanence, Mg = 1.3 T, and as such they
are used to generate magnetic field in magnetic structures. The permanent mag-
net structures are often a combination of soft and hard magnetic materials engi-
neered for optimal generation and conduction of magnetic fluxes, in analogy to
Kirchhoff’s electric circuit laws.

The second quadrant of the magnetization hysteresis curve is important
in describing the properties of permanent magnets. A desirable feature of a
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Fig. 1 Magnetization of paramagnetic and ferromagnetic materials. Note lack of hysteresis for
paramagnetic materials and superparamagnetic iron oxide nanoparticles, SPIONs. a Magnetiza-

tion M, and volume magnetic susceptibility, x of the superparamagnetic particles (fop panel) and

b a paramagnetic compound (gadolinium chloride) as a function of the applied field H. The free
space magnetic permeability constant (g is used to convert units of M to tesla (T). Note differ-
ences in ordinate scales (same units as in panel a) and the differences in functional dependence
on H between paramagnetic and superparamagnetic particles. ¢ Second quadrant of the magnetic
hysteresis loop (the demagnetization curve) and the corresponding plot of the magnetic energy
product, poMH, showing the maximum energy product of 0.04 MGOe used as a figure of merit
for magnet comparison (adapted from Zborowski and Chalmers 2008, 2015, with permission)
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permanent magnet is its high remanent magnetization, M;, and high coercive
force, H.. A plot of the energy product, noM x H, for the second quadrant of the
magnetization hysteresis loop (Fig. 1c) is used to determine the maximum energy
product, a figure of merit when comparing different permanent magnet materials.
It is approximately equal to 10 MGOe (mega—gauss—oersted, or 10° G x Oe) for
Alnico magnets and over 50 MGOe for NdFeB magnets (Hatch and Stelter 2001).

The area enclosed by the hysteresis loop on the M-B plot is equal to work
expended on the material magnetization, to increase the boundaries of magnetic
domains aligned with the field at the cost of contracting boundaries of the mag-
netic domains that are not, and to realign the atomic dipole moments. The work is
dissipated in the form of heat. The large hysteresis of hard magnets, such as fer-
romagnetic micro- and nanoparticles, makes them an ideal material for application
to local thermotherapy using oscillating magnetic field (Krishnan 2010).

The commercial availability of inexpensive, permanent magnets of different
shapes and magnetization directions, protected from corrosion by nickel plat-
ing, provides unique opportunities for magnetic cell separation. They could be
arranged in various configurations for high field [4 T, (Furlani 2001)] and high
gradient (Osman et al. 2012) at microscale that makes them an ideal source of the
magnetic field for cell separation purposes. Selected examples of such permanent
magnet configurations are shown in Fig. 2.

4 Magnetophoresis

Magnetophoresis is a phenomenon of particle motion in viscous media induced
by the applied magnetic field. It underlies magnetic cell separation processes rely-
ing on differential binding of magnetic label particles to cells. Because it involves
motion of cells in aqueous suspensions, it belongs to a part of fluid dynamics
that deals with the particle suspensions exposed to external forces, together with
gravitational and electrical forces. It is governed by a balance between the local
magnetic body forces and viscous stresses on a cell-magnetic label complex that
determine the velocity of the labeled cells in suspension and thus the efficiency of
magnetic cell separation. The typical approach to describing such particle dynam-
ics is to consider pertinent time constants and characteristic dimensionless num-
bers entering the equations of motion cell-label complex.

4.1 Cell Reynolds Number

The Reynolds number is a measure of inertial forces with respect to viscous forces
and for a spherical cell in a fluid it is:
pvD

Re = —, 13
” (13)
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Fig.2 Examples of permanent magnet configurations for generating high-field gradients.
Arrows indicated magnetization direction. a Interpolar gap between two pentagons, b nearly
quadrupole field between four rectangles, ¢ circular Halbach array of cylindrical magnets mag-
netized diametrically in quadrupole configuration and d two linear Halbach arrays
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where p is the fluid density, v is the cell velocity relative the bulk of the fluid,
D is the cell diameter, and 7 is the fluid (dynamic) viscosity. For a white blood
cell sedimentation in standard laboratory conditions, the representative values are
o~ 1000 kg/m>®, D =10 um = 10> m, v = 107> m/s (one cell diameter per sec-
ond), and = 1073 Pa s (at nearly 20 °C) resulting in the cell Reynolds number
Re = 10~* and showing that the cell inertia is negligible in the description of cell
sedimentation. For a (rigid) sphere the value of a critical Reynolds number above
which the assumptions about the laminar fluid flow around the sphere do not apply
is Re = 10. For a viscoelastic body, such as a cell, the onset of flow instabilities is
at lower velocity and so critical Re ~ 1. Nevertheless, for typical cell diameters
(<30 pum) considered in the magnetic cell separation, the cell Re numbers are well
within the laminar flow model constraints, even for high cell velocities exceeding
1000 cell diameters per second (up to 30 mm/s). Such high velocities at micro-
scale are possible with the use of SPIONs attached to cells and high magnetic field
gradients, although the stress concentration at the point of the SPION attachment
to the cell is likely to destroy it before it is reaching such high terminal velocities.
In summary, the cell-SPION complex motion analysis under the influence of the
applied magnetic field is based on assumptions of laminar flow conditions for typi-
cal separation conditions. The laminar flow assumptions apply to cell velocities in
the range of several orders of magnitude.

4.2 Inertial Relaxation Time

The negligible inertial force relative to viscous force acting on cells in motion in
aqueous media greatly simplify the equations of motion by reducing them to first-
order differential equations of cell coordinates as a function of time. The length of
time during which the inertial effects play a role is negligibly small and therefore
can be omitted in the cell motion analysis:

my _ 5Dy _ ppD?

= = , 14
f 3nnD 187 (14)

sz

where 7, is the cell inertial relaxation time, my is the cell mass, f= 37nD is the
Stokes friction coefficient, pp, is the cell density, D is the cell diameter, and 7
is the fluid (dynamic) viscosity. Thus for the cell density comparable to that of
the aqueous media, p, ~ 1000 kg/m> and the other parameters as quoted above,
T, = 5.6 us, which is orders of magnitude shorter than characteristic times
involved in the magnetic cell separation, typically tens to hundreds of seconds.
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4.3 Stokes Flow

For the cell laminar motion, the viscous drag exerted on a spherical cell is directly
proportional to its velocity relative to the bulk fluid:

Fq=fv=3nnDv, (15)

where as before, fis the Stokes friction coefficient, 7 is the fluid (dynamic) viscos-
ity, D is the cell diameter, and v is the cell velocity relative the bulk of the fluid.
The viscous drag is the local reaction force of the viscous media (fluid) to the cell
motion imposed by the applied field. Again, taking cell sedimentation as the sim-
plest example of such a motion, the applied field is the difference between the cell
weight and its buoyancy:

Fo = 2D (0p— p4)s. (16)

where D is the cell diameter, pp and ps are the cell and the fluid densities, respec-
tively, and g = 9.81 m/s? is the standard gravitational acceleration. Due to the
low cell Re number and the negligible effect of cell inertia on its sedimentation,
Newton’s second law of motion takes the form:

0=Fg— Fy, (17)

where the minus sign indicates that the drag force is opposed to the applied force,
Fg. Combining Eqs. (14)—(16) one obtains the cell sedimentation velocity:

D? (pp — ps)

V= —
18 n

(18)

For the white blood cell density of p, ~ 1050 kg/m? the difference in the cell den-
sity and that of the aqueous media is Ap = pp, — ps = 50 kg/m? resulting in the
sedimentation velocity of v = 2.7 pm/s or less than one third of the cell diameter
per second.

4.4 Cell Sedimentation Coefficient

The ratio of the cell sedimentation terminal velocity to the field acceleration
(gravitational or centrifugal) is the cell sedimentation coefficient:

_ve D*(pp—ps)
== e (19)

which has the dimension of time (compare with Eq. 14). For the centrifugal accel-
eration fields, the parameter g in the equation above and in Eq. (18) is substituted
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by the multiples of the standard gravitational acceleration (“number of g’s”). For
macromolecular centrifugal separations, the sedimentation coefficient is often
quoted in the units of svedbergs, or S, where 1 § = 10"!3s. For a representative
white blood cell parameters, quoted above, the cell sedimentation coefficient is
s =0.28 ps, or 2.8 x 10° S. The sedimentation coefficient normalizes the sedi-
mentation velocity of a cell by the acceleration applied to it. It is not dependent on
the acceleration but only on the properties of the cell and the media.

4.5 Magnetophoretic Mobility

If the same fluid dynamic model as described above is applied to the cell motion in
the magnetic field, then in the absence of gravitational effects, the magnetic field-
induced cell velocity is obtained by substituting Fr, Eq. (3), for Fg in Eq. (17),
leading to a magnetic analogue of Eq. (18):

_D_ (o= x) 9B
18 n dx

Vm

(20)

where the densities of the cell and the fluid were replaced by their volume mag-
netic susceptibilities, xp and xs, respectively, and the gravitational field accelera-
tion, g, was replaced by the magnetic field energy density gradient, H ‘}EB. For the
labeled cell-particle complex, the mean magnetic susceptibility of such a com-
plex is much higher than that of the suspending media, which is unlike that for
their respective densities, whose difference is small. The resulting magnetic field-
induced velocities could be quite high, tens to hundreds cell diameter per second.
Such high magnetic field-induced velocities are comparable to cell sedimentation
velocities in high centrifugal fields of hundreds of g’s.

The magnetophoretic mobility of a cell is its field-induced velocity normalized
to the magnetic energy density gradient applied to it:

_ Vm :gz(Xp_Xs) 91

m

For linearly magnetizable media, the magnetophoretic mobility is not dependent
on the magnetic field but only on the properties of the cell and the media (similar
to the property of the sedimentation coefficient). Unlike the sedimentation coeffi-
cient, however, the magnetophoretic mobility is dependent on the field for nonlin-
ear magnetic media, such as superparamagnetic particles and ferrofluids, for which
the volume magnetic susceptibility is strongly dependent on the applied field,
x = x (H) (Fig. 1).

A particularly instructive way of characterizing the cell magnetophoresis is by
normalizing the magnetic field-induced velocity, vy, to the sedimentation velocity:
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dB
V_szp—XsHEZXP_XSS_m (22)
Vg Pp— Ps & Pp— Ps &

where the symbol S, = H %B is introduced to simplify notation. Thus the dimen-
sionless parameter vm/vy describes the effect of the magnetic field on the field-
induced cell velocity as a product of two factors: one dependent on the material
properties of the cell and the fluid media only, X":Xf and the other dependent on
the applied field only, %‘“. For linearly rnagnetizaybleb materials such separation of
variables is exact but not for ferromagnetic and superparamagnetic materials
whose magnetization saturates with the applied magnetic field and consequently,
the magnetic susceptibility strongly depends on the applied field.

The use of Eq. (22) is illustrated here by comparing the magnetic cell separation
to the centrifugal cell separation, a standard separation technique in biology labo-
ratory. For practical purposes, centrifugal acceleration in laboratory centrifuges is
quoted in multiples of the standard gravitational acceleration, or “number of g’s”. In
typical laboratory applications, such as red blood cell (RBC) separation from whole
blood, the centrifugal field is from 300 to 400 g applied for 15 and 5 min, respec-
tively. Given that one measures the effectiveness of a separation technology by the
time of separation, itself being inversely proportional to the field-induced veloc-
ity, inspection of Eq. (22) allows one to directly compare the effectiveness of mag-
netic separation with that of the centrifugal separation. For example, the density
difference between a RBC and typical suspending buffer is pp — o5 = 84 kg/m?,
whereas the difference in the volume magnetic susceptibility between a deoxy-
genated RBC and suspending buffer is on the order of xp — s =35 x 1076 result-
ing in X":Xf ~ 6 x 1078 m3/kg. This indicates that in order to produce the
magnetic field-induced velocity of the RBC comparable to its sedimentation veloc-
ity, 3@ ~ 1 the magnetic field gradient to the gravity (g =9.81 m/s?) ratio should
be Sh/g~ 1.7 x 107 kg/m3 or Sm~ 1.7 x 108 N/m3=1.7 x 108 A T/m%, equiv-
alent to 207 T%m (because 1T = 1/ug A/m = /47 x 107 A/m). Considering

2 . . . . .
that Sm = H %B = ﬁ%, the required field gradient in the units of tesla is

2 x 207 T>/m = 417 T?m. The advanced permanent magnet designs used for cell
separation are capable of generating Sy, ~ 10° T A/m? (equivalent to 2500 T?/m) and
therefore capable of producing RBC velocity up to six times its sedimentation veloc-
ity, thus equivalent to “6 g”. This is obviously much lower than the centrifugal accel-
eration in laboratory centrifuges, by a factor of ~60. The resulting time of the RBC
separation would be that much longer if performed over the separation distance equal
to the height of the centrifuge tube (10 cm) and therefore quite unrealistic for such
applications. Magnetic RBC separation is feasible in thin microfluidics channels,
however, where the RBC separation travel distance (typically 250 pwm) and thus the
separation time can be substantially shortened (by a factor as high as 400) and made
comparable to that of the RBC centrifugation.

Binding of SPIONSs to cells greatly increases the cell-label magnetic suscepti-
bility contrast relative to the fluid media, xp — xs by up to several order of magni-
tudes. This results in high magnetic field-induced velocities, equivalent to “300 g”
for even moderate field gradients. The limiting factor is the volume of the mag-
netic field available for the separation.
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5 Single Cell Measurement of Magnetophoretic Mobility,
Cell Tracking Velocimetry, CTV

The previous discussions have established a theoretical basis for magnetophore-
sis, and have further extended this introduction to magnetophoresis by normaliz-
ing magnetophoresis with sedimentation velocity (Eq. 22). Equation (22) strictly
applies to cases of linearly magnetizable materials and as written, would only
apply to the intrinsic magnetic susceptibility of a cell or particle, x,. Alternatively,
cells targeted for separation are routinely labeled with an antibody conjugate to a
SPION (i.e., an anti-CD3 antibody conjugated to a MACS® particle). If a submi-
cron SPION is conjugated to a supramicron particle, even if on the order of 10,000
binding events occur, the change in the labeled cell diameter and density is such
that Eq. (22) still holds except that the typically very high magnetic susceptibil-
ity of the SPION, relative to a cell, would require that the value of x;, is governed
by the relatively small volume of the SPIONs. However, in contrast, when micron
sized magnetic microbeads are attached to cells through antibodies, the size and
density of the cell microbead conjugate are more closely dictated by the properties
of the microbead (e.g., an anti-CD3 antibody conjugated to a Dynabead®) (Zhang
et al. 2005).

As with most biological systems, a distribution exists with respect to many cel-
lular properties, be they cell size, magnetic susceptibility, or the number of cell
surface markers targeted with antibody—SPION conjugate. Further, the affinity of
an antibody for a cell/surface marker can vary from cell to cell as well as anti-
body clone to antibody clone. To optimize the magnetic manipulation and sort-
ing of cells, it highly desirable to optimize, and characterize the intrinsic magnetic
susceptibility of a cell or the magnetic susceptibility imparted to the cell through
an antibody—SPION conjugate.

When a cell is labeled with a SPION, mathematically the magnetophoretic
mobility has shown to be characterized by

¢pB8 ABC
= + )
m in 7Deel Mecell (23)
where
dp= (xp — xr)Vp. B < B 24)
or
HoM.
¢p = ( Bsat - Xf) Vp» B = B, (25)

where mee is the magnetophoretic mobility of the unlabeled cell ¢;, is the parti-
cle—field interaction parameter (equivalent to the particle magnetic polarization),
ABC is the antibody binding capacity of a cell, and g is the number of magnetic
particles per ABC. As presented in Eqgs. (24) and (25), the value of ¢, is dependent
on whether the SPION becomes saturated (Chalmers et al. 2010).
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A number of magnetometer devices exist to measure the magnetic susceptibil-
ity of materials, including a Gouy and Faraday balance, vibrating magnetometer,
and the superconducting quantum interference device (SQUID). While accurate,
these devices only provide bulk measurements of materials and particles, and
reflecting this bulk average, are typically reported on a per mass basis. In contrast,
Egs. (22)—(23) are written with respect to a single cell or particle.

To exploit this characteristic, an instrument was developed, Cell Tracking
Velocimetry, CTV, which tracks the movement of individual cells in a constant
magnetic energy gradient, Sy,. Figure 3 presents a schematic diagram of the sys-
tem. Using digital imaging technology and particle tracking software, it is possible
to track on the order of 100-1000 cells at a time and obtain the vertical (sedi-
mentation) and horizontal (magnetic) velocity components of the tracked cells
velocity, which correspond to v, and vg in Eq. (22). Figure 4 presents a computer
screen shoot from an analysis using the CTV to measure the sedimentation and
magnetically induced velocity of oxygenated and deoxygenated red blood cells,
Fig. 4a, b, respectively. The while lines are computer generated, and correspond
to the trajectory the specifically tracked cell has taken over a number of individual
frames. The difference between the vertical line in Fig. 4a and the diagonal line
in panel (b) corresponds to the constant magnetic energy gradient, Sy, which is
operating on the cells in the horizontal, right to left direction. The ratio of these
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Fig. 3 Schematic diagram of cell tracking velocimetry (CTV) for measuring single-cell magne-
tophoretic mobility distribution in cell suspensions
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Fig. 4 Screenshots of CTC algorithm of tracked cells. The white lines are computer-derived
trajectories of the cell as it moves from frame to frame. Panel a corresponds to oxygenated
human RBCs, while panel b corresponds to the same donor deoxygenated, RBCs. Panel ¢ is dot
plot of the oxygenated and deoxygenated RBCs plotting magnetic versus settling velocity
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Table 2 Mean volume magnetic susceptibility (x = poM/B, at B~ 1 T) and magnetic polarization
(field—particle interaction parameter, ¢ = xV = xmD>/6) for selected commercial magnetic beads
used for cell tagging (Zhang et al. 2005)

Magnetic beads Lot nos. M nano~o/B Mean diameter ¢ (x 107% m3)
(ST unit system) (nm)

Streptavidin-MACS | 5,020,305,031 | 1.1 £0.3 x 107 | 116 8.8 £2.1
5,030,918,049 | 1.4+ 0.4 x 1073 |67.2 23+0.6

BD Imag 44,023 14403 x 1073|231 91 4+ 20

Captivate 71 Al-1 384+ 1.0x107* 136 51+14

EasySep 21.226593 35+1.2x107% | 142 54+20
3A317176 55+ 1.8x 107 |160 12+4

horizontal to vertical velocities corresponds directly to the ratio of velocities pre-
sented in Eq. (22). Figure 4c presents dot plots of the magnetically induced veloc-
ity versus the settling velocity of the oxygenated (gray dots) and the deoxygenated
(black dots) of the RBCs presented in Fig. 4a, b.

Beyond measuring the intrinsic magnetization of RBCs, as presented above and
in Fig. 4, the CTV system has been extensively used to measure the field interac-
tion parameter, ¢ of a number of commercial SPIONS, (Table 2) as well as the
magnetophoretic mobility of a number of different cell types labeled with com-
mercial SPIONs. Figure 5 presents one example in which both the magnetopho-
retic mobility (and corresponding number of SPIONS) of labeled and unlabeled
human lymphocytes when the CD3 surface marker is targeted.

6 Experimental and Theoretical Range
of Magnetophoretic Mobility

Tracking the movement of cells, or particles as a result of the imparting of a mag-
netic force is surprising sensitive. Chalmers et al. (2010) reported that on the order
of several hundred commercial SPIONs, nonspecifically bound to a cell can be
measured. They further estimated that since a single cell can be tracked with the
CTV system, and estimates can be made on the Fe content per SPION, the CTV
system has sensitivity on the order of 4.6 x 10~!> g/mL. This compares favorably
to an inductively coupled plasma mass spectrometer (ICP-MS), which has typical
sensitivity for Fe on the order of 108 g/mL.

The operational scope of the CTV instrument, including physical and equip-
ment constraints, such as Brownian motion, creeping flow, the diffraction barrier
of microscope, wall effect of channel, and software restraints have been previously
discussed (Xue 2016) and are summarized in Fig. 6.
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PE and anti-PE MACS particles. The labeling concentration was 40 pL for the anti-CD3-PE and
five times the company recommended value for the anti-PE MACS (Lara et al. 2006)
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Fig. 6 Operational scope of the CTV approach. Solid line corresponds to physical limitation for
the method and the dashed line presents the limitation for current setup. The result for oxygen-
ated RBCs (oxyRBC), methemoglobin RBCs (metRBC) and deoxygenated RBCs (deoxy) are
also shown (error bar as standard deviation). The metRBC and deoxyRBC results, which are
essentially different, overlap in the figure due to the scale vertical axis. The oxyRBC magnetic
susceptibility difference only shows upper error, due to the limitation of logarithmic scale of ver-
tical axis (Xue 2016)

7 Examples of Various Geometries of Magnetostatic
Energy Gradients in Application to Magnetic Cell
Separation

7.1 High Gradient Magnetic Separator (HGMS)

The term and the abbreviation “HGMS” in the magnetic cell separation literature is
typically limited to secondary effects of the magnetic field on ferromagnetic mate-
rials that induce high magnetic field gradients on small surface features of such
materials (such as wires) (Watson 1973). Notable early applications include removal
of weakly paramagnetic, iron oxide impurities from kaolin clays for high quality
porcelain and paper production (Beharrell 2012) and for environmental water treat-
ment, requiring high-field gradients for capture of weakly magnetic contaminants
(Nishijima and Takeda 2006). They are particularly well suited for small-scale
separation in biology. A primary example is MACS® separation system is based
on disposable HGMS columns magnetized by insertion between pole pieces of a
permanent magnet, and colloidal magnetic particles for cell labeling (Miltenyi et al.
1990). The columns are filled with a matrix of soft magnetic material in the shape
of submillimeter diameter wires or spheres that generate high magnetic field gradi-
ent on their surfaces in the presence of the external magnetic field. The permanent
magnet field approaches 1 T and the gradients up to 1000 T/m in the submillimeter
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interstitial spaces of the magnetized matrix (Kantor et al. 1998). The matrix pro-
vides a highly developed surface for magnetic cell capture in the small volume of
the column. Upon removal from the magnet, the matrix is demagnetized allowing
release of the captured cellular material from the column. The MiniMACS® col-
umns are only 7 mm in diameter and 50 mm long but are capable of separating up
10° labeled cells from a mixture of up to 107 cells in a volume of 1 mL in a mat-
ter of several minutes. The system has been developed over 25 years ago (Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany) and has diversified since into many
different column and magnet sizes, selection of magnetic reagents and modes
of operation, including an automated capture-and-release system (Griitzkau and
Radbruch 2010). The company provides a wide selection of the magnetic labeling
reagents, including mouse monoclonal antibodies against major human cell clus-
ters of differentiation (CD) and anti-mouse antibodies conjugated to magnetic beads
for added versatility by the indirect magnetic labeling. It provides such staples of
immunocytochemistry as avidin—biotin labeling reagents and fluorescence labeling
reagents adapted to magnetic cell labeling (http://www.miltenyibiotec.com). The
simplicity of operation and compatibility with the immunocytochemistry protocols
contributed to its wide adoption in biology research and laboratory medicine. It
has established the magnetic cell separation as one of the standard laboratory tech-
niques, alongside centrifugation and fluorescence-activated cell sorting (FACS).

7.2 Open Gradient Magnetic Separator (OGMS)

The term describes a direct effect of the applied magnetic field on the separands
not requiring ferromagnetic matrix inserts for separation and is occasionally used
to differentiate it better from the HGMS principle of operation (Fukui et al. 2002).
The advantages include independence of specialized, dedicated HGMS columns
and thus greater flexibility in the choice of separation vessels and lower cost
(Caralla et al. 2013; Joshi et al. 2015; http://www.easysep.com). The disadvan-
tage is a relatively low magnetic field gradient, typically two orders of magnitude
smaller than what is possible inside the HGMS column, which for the cell separa-
tion applications necessitates the use of more magnetic beads to achieve the same
magnetic ponderomotive force acting on the cell-label complex. Such higher mag-
netic moment per bead is most readily achieved by increasing the magnetic bead
size, as the magnetic moment increases with the third power of the bead diam-
eter (with the other bead parameters held constant). The prime example of such a
highly magnetic bead is Dynabead® manufactured in the range of diameters from
1 (MyOne™) to 4.5 um (M450). Its high magnetic moment offers flexibility in the
design of the magnetic separators which makes it a popular choice in applications
to clinical diagnostic tests (Gijs et al. 2010; Ugelstad et al. 1993; https://www.ther-
mofisher.com/us/en/home/brands/product-brand/dynal.html). Its relatively large
surface area (as compared to the colloidal magnetic beads) makes it a suitable
solid substrate for the molecular biology applications.
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Apart from Dynabead brand, there is a large selection of superparamag-
netic microbeads available on the market that are tailored to almost any special-
ized magnetic separation application of the OGMS type. They are often, but not
always, sold together with dedicated magnet systems that are compatible with
all typical biology laboratory containers, such as centrifuge tubes, multiwell
plates, flasks, etc. (Gutierrez et al. 2015). Examples of the OGMS separators and
dedicated magnetic microbeads include StemCell system (http://www.easysep.
com) built around a multipole magnet in a cylindrical structure that fits 15 mL
conical tubes and Becton Dickinson Immunosciences magnet rack (https:/m.
bdbiosciences.com/us/reagents/research/magnetic-cell-separation/other-species-
cell-separation-reagents/cell-separation-magnet/p/55 2311) that fits six such tubes
simultaneously.

7.3 Equilibrium Versus Steady-State Magnetic Separation

The majority of HGMS and OGMS systems described above operate in an equi-
librium mode, in which the magnetic fraction is precipitated from the suspension
on a suitable substrate surface and held there while the unseparated (nonmag-
netic) fraction is removed and replaced with a clear solution. For a typical HGMS
application (such as using Miltenyi MACS® system) the volumetric flow rate of
the cell suspension through the HGMS column matches residence time necessary
for the cell to reach the ferromagnetic matrix surface from the bulk suspension.
For typical OGMS applications, the same is accomplished by letting the station-
ary cell suspension remain in the magnetic field for a sufficient length of time
for all the magnetically labeled cells to travel to the vessel wall. Providing that
the magnetic microbead saturation magnetization matches the available mag-
netic field and gradient, and the volume of the cell mixture is fully exposed to
the magnetic field, such separations are accomplished quickly and with minimum
intervention from the user. They are well suited for typical biological research
laboratory protocols requiring small batches of cell suspensions (5-10 mL) and
relatively small cell numbers (on the order of 108). For well-defined cell surface
markers (such found in the CD library) and matching monoclonal antibodies
(often available as ready-made cell labeling reagents from commercial compa-
nies) they are highly competitive in terms of specificity, cell viability, processing
time, labor and equipment cost compared to alternative methods, such as sorting
by flow cytometry (FACS).

The equilibrium mode operation of the HGMS and OGMS systems is depend-
ent on the volume of cell batches required for separation, which is a limiting fac-
tor for large-scale cell separation, such as in application to cellular therapy. Such
mode of operation is prone to the breakthrough effects due to the HGMS column
overloading with the magnetically labeled cells, or the labeled cell losses in the
wash fluid due to the limited cell access to the container wall surface inside the
OGMS magnet. A solution is to either increase the physical dimensions of the
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HGMS columns (Griitzkau and Radbruch 2010) or the OGMS magnets (http://
www.sepmag.eu/), or operate them in an intermittent fashion consisting of fill-cap-
ture-evacuate-wash cycles. An alternative approach is to redesign the system for
a continuous flow operation with the magnetic cell fraction forming a continuous
stream, split from the nonmagnetic fraction at the flow outlet (Pamme and Manz
2004; Hoyos et al. 2011). The first two approaches rely on the equilibrium mode
separation and are basis of operation of large HGMS columns, automated HGMS
systems for clinical applications [CliniMACS® line of products (http://www.milte-
nyibiotec.com)] and large OGMS flask systems (http://www.sepmag.eu/).

The continuous flow operation requires maintaining a dynamic equilibrium, or
a steady state between the magnetic body forces and the viscous stress forces of
the carrier solution acting on the cell-label complex in order to keep the magnetic
cell complex in suspension, which brings additional elements of complexity to the
system but also new opportunities of better separation (Takayasu et al. 2000). The
general principle is described by the theory of field-flow fractionation (FFF) and
its variant, split-flow thin (SPLITT) fractionation first developed in application to
macromolecular separations using centrifugal, electric, and thermophoretic fields
and subsequently extended to particulate suspension separations, including cell
separation, by Giddings (1985) and Giddings et al. (Hoyos et al. 2011; Williams
et al. 2010). The configuration of recent microfluidic channels is similar to that of
a Hele—Shaw cell so that the separation dynamics can be reduced to a two-dimen-
sional problem, whereby the applied magnetic forces are perpendicular to the
advection forces resulting in spreading of the magnetically susceptible cell-label
complexes across the flow width and their separation between multiple channel
outflow ports (Lenshof and Laurell 2010).

The steady-state magnetic cell sorting in flowing suspensions include cell
magnetophoretic fractionation according to the level of cell surface marker
expression (Fig. 7) when used in combination with the colloidal magnetic labe-
ling reagents (Schneider et al. 2010; Leigh et al. 2005; Adams et al. 2008), cell
fractionation using magnetic repulsion in the magnetic susceptibility-modified
carrier solutions (Watarai and Namba 2001; Moore et al. 2004; Peyman et al.
2009; Hwang et al. 1984; Tasoglu et al. 2015; Hahn and Park 2011) and a com-
bination of magnetic and fluid dynamics inertial forces (Karabacak et al. 2014;
Karle et al. 2010). The addition of fluid forces to the separation mechanism creates
new opportunities for innovative design of magnetic elements (Adams et al. 2008;
Gao et al. 2015) and a creative design of chemical reaction sequences on a cell—
label complex crossing laminar streams of substrate solutions (Pamme 2012). The
steady-state magnetic separation combined with a continuous flow operation offers
the advantages of a large-scale separation (Doctor etal. 1986; Williams et al.
1999) without the added cost of the equipment scale-up and process automation,
inherent to the equilibrium separation. The new opportunities of a better flow con-
trol in the microfluidics channels and matching magnetic field designs are being
realized in numerous, innovative laboratory prototypes and commercial separators
(Sahore and Fritsch 2014; Weston et al. 2010).
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Fig. 7 a Principle of the dipole magnetic fractionator. The feed (cell suspension) is continuously
injected into a carrier fluid flow inside a rectangular glass channel. The sample flows downward
(z = direction) in the channel and is deflected from its flow path by an interaction with the mag-
netic field (y = direction) generated by a dipole magnet (not to scale). The sample is fractionated
based on the strength of interaction with the magnetic field and collected in eight different outlet
fractions. b Magnetic field lines inside the interpolar gap. ¢ Labeled cell fluorescence intensity
in arbitrary units (A.U.) for different cell fractions and different transport lamina distribution
(for different outlet flow distribution setups A—D). Note the increase in the mean number of PE/
cell with increasing outlet number as expected from the calculated values based on the cell sur-
face marker expression and MM distribution in the unsorted sample in feed (adapted from Sch-
neider et al. 2010, with permission)

8 Discrete Cell Manipulation, Label-Free Magnetic
Separation and Other

Micromanipulation of cell-magnetic bead complexes using electric currents and
microcoils fabricated using microelectromechnical systems (MEMS) techniques
has been demonstrated (Shen et al. 2012; Ramadan et al. 2006). Innovative use of
Halbach magnet arrays has been proposed for scale-up of connective tissue pro-
genitor separation from bone marrow in applications to bone defect repair (Joshi
et al. 2015) and to fractionation of disperse magnetic microbead suspensions (Ijiri
et al. 2013).

Localization of high magnetic field gradients at the edges of small ferromag-
netic features (such as wires) provides an opportunity for an exact control over
cell-magnetic bead complex position and displacement at the microscale. This
has been accomplished by micropatterning of thin layers of ferromagnetic mate-
rial (such as nickel alloys) on silica substrates and application of external mag-
netic field. The ferromagnetic layer pattern provides means of creating a barrier to
advection of magnetic bead—cell complexes in a fluid flow inside small channels
and separation of such complexes from unlabeled cells (Fig. 8). Various combina-
tions of ferromagnetic micropatterns and flow configurations have been proposed
(Adams et al. 2008; Hu et al. 2015). Unlike separation in the HGMS columns
(described above) the highly regular micropattern of the ferromagnetic layer and
a well-defined, laminar flow in microchannels provide means of a better control
over the cell-magnetic bead separation process. Innovative use of susceptibility-
modified solutions for mass density difference-based separation and real-time
imaging and analysis using smart phone has been demonstrated (Knowlton et al.
2015) (Fig. 9). The technology is particularly appealing in resource-poor settings.
The application of magnetic separation for detection of malaria in asymptomatic
children has been also demonstrated (Sumari et al. 2016) (Fig. 10).

Control over the domain magnetization of the ferromagnetic single-domain
micropatterns provides additional level of precision in the magnetic bead position-
ing and translation. Because such domains behave like hard magnets and therefore
their magnetization is independent of the applied field, this creates an opportunity
for using both the attractive and repulsive forces between the single-domain and a
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Fig. 8 a Interpolar gap of a permanent magnet designed for an efficient capture of cell-label
complex from a flowing suspension. The contour bands illustrate the magnitude of the vertical
gradient component of magnetostatic potential energy (proportional to tesla%/m, T%m). The gap
width is 1 mm, channel height is exaggerated for clarity. b Four such interpolar gaps assembled
together. The dimensional relationship between the parts is to scale. ¢ Capture efficiency and flu-
orescence intensity (on a 8-bit gray scale) measured as a function of zone number. The error bars
show one standard deviation from the mean for three experiments. Note capture of more fluores-
cent (and more magnetic) cells upstream from the channel outlet (adapted from Nath et al. 2009,
with permission)
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Fig. 9 Contour plot of the magnetic field between two, oppositely polarized permanent magnets.
Images of levitating microspheres are acquired by the user with a smartphone fixed to the mag-
net and flow channel assembly and processed to determine the levitation height and confinement
width of the microspheres in the sample stream, at different gadolinium concentration. (adapted
from Knowlton et al. 2015, with permission)
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Fig. 10 Magnetic capture of malaria parasite infected red blood cells (RBCs) from RBC cul-
ture suspension. The cell suspension a is pumped through a channel comprising manifold platen
with inlet and outlet ports (b), channel cutout spacer (c) and a transparent deposition slide (d), as
indicated by curved arrows. The flow channel assembly b—d is pressed against the interpolar gap
of a permanent magnet, e generating magnetic force on the magnetically susceptible cells due
to a highly nonuniform fringing field, as indicated by the magnetic energy density map (H field
in amperes per m, A/m, and B field in tesla, T). The captured cells form a deposit f amenable
to staining and microscopic analysis. g Shows approximately x 10 enrichment compared to the
original sample, h NF54 strain, x40 oil magnification) where G indicates gametocyte, MG male
gametocyte, T trophozoite (adapted from Sumari et al. 2016, with permission)

superparamagnetic bead (type of a soft magnet) depending on the direction of the
applied field. This has been demonstrated by superparamagnetic bead propulsion
on a square grid of single-domain dots in a rotating magnetic field whereby the
rotation of the induced magnetic dipole of the bead causes it to be sequentially
pushed and pulled between the neighboring single-domain dots in synchrony with
the rotating applied field vector (Hu et al. 2015; Chen et al. 2013). Increased bead
capture rate is provided by generation of high-field gradients at the boundaries of
magnetic domains (Fig. 11).

There are known, naturally occurring paramagnetic components of the cell
that may become important for the label-free magnetic cell manipulation and
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Fig. 11 The magnetic nanoconveyors shown in this schematic a are CogsFeos zigzag wires
and NigoFeq  disks. Points on the periphery of a magnetized disk act as magnetic particle traps,
whereas alternating magnetic domains in zigzag wires give rise to regions of high fields and field
gradients at wire vertices. These regions act as traps for magnetic nanoparticles. The entire sys-
tem, b including the external electromagnets and coil required to apply magnetic fields, can be
mounted on an optical fluorescence microscope. Application of fields can strengthen, weaken, or
move traps, allowing for manipulation of trapped entities along directed pathways. ¢ T lympho-
cyte cells labeled with anti CD3 conjugated 1 jum magnetic particles are propagated along wires.
d Nanoconveyor technology can be used to transport multiple individual nanocontainers, such as
these that encapsulate fluorescent quantum dots for optical tracking and magnetic nanoparticles
for controlled transport. d, f are schematics of nanocontainer transport on microfabricated disks
and wire array conveyors, respectively. e, g Are superimposed differential interference contrast
(DIC)/fluorescence images of fluorescent magnetic nanoparticle trapped on micropatterned disks
(EF) and zigzag wire conveyors (g) (adapted from Mahajan et al. 2012, with permission)

separation given the increasing sophistication of the magnet and fluidics designs.
An interesting example are magnetotactic bacteria that contain specialized orga-
nelles, magnetosomes, comprising magnetite crystals whose response to the verti-
cal component of the geomagnetic field provide the sense of up-down direction,
important for finding nutrients. This has been used to control the direction of a
self-propelled motion of the magnetotactic bacteria using the magnetic field in lab-
oratory conditions. A similar function of finding direction is attributed to the pres-
ence magnetite inclusions found in homing pigeons.

Other examples are related to the role of paramagnetic iron and manganese
in cell biology, in particular as related to their being a part of a large family of
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proteins collectively known as metalloproteins. These include an oxygen-carry-
ing protein, hemoglobin, an iron storage protein, ferritin, electron transfer pro-
teins, cytochromes, and superoxide dismutases (manganese). The interconversion
between low-spin to high-spin hemoglobin during the binding and release of
molecular oxygen has been studied by Pauling and Coryell (1936) as a part of the
program of elucidating the nature of chemical bond by quantum mechanics. The
increasing hemoglobin concentration in the course of red blood cell maturation
was tested for mature erythrocytes enrichment from hematopoietic cell cultures
(Jin et al. 2012). The feasibility of erythrocyte depletion from whole blood prepa-
rations as a type of a “magnetic centrifuge” was tested (Moore et al. 2013) and
considered for application to depletion of aging erythrocytes from stored blood
for blood banking purposes (Jin et al. 2011). The theory of magnetophoresis links
the field-induced cell motion to the underlying molecular mechanisms (Zborowski
et al. 2003; Jin et al. 2008). The feasibility of label-free magnetic cell separation
in applications to intraerythrocytic malaria detection has been demonstrated in the
laboratory (Hackett et al. 2009; Zimmerman et al. 2006) and tested in field studies
(Sumari et al. 2016; Karl et al. 2008). The separation of bacterial spores rich in
paramagnetic element manganese (Mn) has been demonstrated and their magne-
tophoretic mobility analyzed quantitatively (Melnik et al. 2007; Sun et al. 2011).
The separation of green algae genetically modified for elevated expression of ferri-
tin was compared with that of the wild type (Buck et al. 2015). A practical system
using permanent magnets for field operation for detecting paramagnetic contami-
nants in food or environmental water has been proposed and tested (Mirica et al.
2010).

9 Conclusions

The field of the magnetic cell separation and manipulation is highly dynamic in
response to rapid advances in single cell analysis and molecular biology assays, in
nanomedicine and in microanalytical systems and lab-on-a-chip applications, as
well as new opportunities created by microfluidics and nanofluidics. The increas-
ing availability of strong permanent magnets and access to superconducting
magnets and separators, combined with better understanding and control of fluid
dynamical forces in microchannels open new directions for the future magnetic
cell separation approaches, such as label-free magnetic separation based on differ-
ences in the paramagnetic contribution from natural components of the cell (met-
alloproteins) and diamagnetic cell separation. This chapter is just a snapshot of a
rapidly evolving field and the reader is well advised to consult the latest informa-
tion, also available online, if this presentation was successful in providing motiva-
tion for further study.
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