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Applications of magnetic and electromagnetic
forces in micro-analytical systems

M. Suwa, @©*? S. Tsukahara @2 and H. Watarai @ *°

Novel applications of magnetic fields in analytical chemistry have become a remarkable trend in the last
two decades. Various magnetic forces have been employed for the migration, orientation, manipulation,
and trapping of microparticles, and new analytical platforms for separating and detecting molecules have
been proposed. Magnetic materials such as functional magnetic nanoparticles, magnetic nanocomposites,
and specially designed magnetic solids and liquids have also been developed for analytical purposes.
Numerous attractive applications of magnetic and electromagnetic forces on magnetic and non-magnetic
materials have been studied, but fundamental studies to understand the working principles of magnetic
forces have been challenging. These studies will form a new field of magneto-analytical science, which
should be developed as an interdisciplinary field. In this review, essential pioneering works and recent
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1. Introduction

The book “Unified Separation Science”, written by J. C.
Giddings in 1991 not only introduced his original method of
field-flow-fractionation but also greatly helped to understand
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attractive developments are presented.

the fundamental science behind various types of traditional
separation methods by showing the concept of general
driving forces in separation mechanisms of molecules and
particles." His basic idea is that the fundamental meaning of
separation is physical displacement through space, which
includes flow displacement that is powerful and nonselective
and relative displacement that is relatively weak but selective
for analytes.” Relative displacement needs a driving force, F,
which is derived from the total chemical potential, u*,
composed of physical interaction with an external field, gey,
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and chemical interaction between a solute and solvent
molecules, 4 = u° + RT1In ¢, where x° is the standard chemical
potential in the standard state and c is the concentration of
the solute,

_ (e + 1) _RT dinc

F dx dx ™

The last term indicates the diffusion of the solute. Based on
this concept, he explained various possibilities for using
different external fields to achieve separation schemes, such
as  thermophoresis,  diffusiophoresis, = photophoresis,
dielectrophoresis, and magnetophoresis. These migration
schemes were partly investigated but not significantly
developed in analytical chemistry at that time. Among these,
magnetophoresis requires magnets to generate a magnetic
field gradient, but the handling of magnets was not much
familiar for separation chemists, although NMR and ESR
were commonly used in chemistry, and the high gradient
magnetic separation (HGMS) method was already used in
industry.” It can be recalled that the invention of new types
of magnets in 1980s, for example, the strong permanent
magnet of Nd-Fe-B by Sagawa (1984)* and cryogen-free
superconducting magnet suggested by Hoenig (1983),” and
their commercialization after a few years encouraged
researchers to use these new types of magnets in various
fields of science and technology.

According to magnetism, materials can be roughly
classified into diamagnetic and paramagnetic materials,
which are characterized by different magnetization profiles
and magnetic susceptibilities.® Almost all organic and
biological materials are diamagnetic and have negative
magnetic susceptibilities, while some transition metals and
lanthanides and their compounds are paramagnetic, having
positive magnetic susceptibilities. The major forces exerted
on a substance by the application of a magnetic field are
shown in Fig. 1. The first one is Kelvin force (Fig. 1A), Fx,
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which is also known as the magnetic field-gradient force,
given by the following equation, when it works on a spherical
particle with volume, V:

Fe = 22 yvp? (2)

24,
where y, is the volume magnetic susceptibility of the particle,
Jo is the permeability of free space (4m x 107 T mA™),

ox’ 3y’ dz
magnetic flux density (T) and VB> = 2(B-V)B. This force is
used as the driving force of magnetophoresis. The second
one is the torque (Fig. 1B), T, or magnetic orientation force,
which is represented by,

0 0 0 . . . .
V= ( —) is a vector differential operator, B is the

T=mxB (3)

where m is the magnetic moment in a homogeneous magnetic
field. Commonly, the term magnetic force means the
magnetic gradient force and/or the magnetic torque. When
two particles are magnetically oriented on a one-dimensional
axis, a magnetic dipole-dipole interaction works between the
particles depending on the distance and the directions of
magnetic moments. They may form a head to tail associate or
be separated with a balanced distance due to magnetic dipole
repulsion depending on the magnetic field direction (Fig. 1C).
The third one is the electromagnetic force or Lorentz force
(Fig. 1D), Fy, which is generated perpendicular to the
magnetic field and the electric or ionic current:

FL=qvxB (4)

where g is the charge of a particle moving with velocity v. In
real magnetic systems, these four forces may work multiply
depending on the situation. The contents of this review
include (1) the application of magnetic force for the
magnetophoresis of microparticles, manipulation and
separation  of  micro/nanoparticles, dynamic  force
measurement of chemical interaction, solid phase and liquid
phase extraction, and soft-robot and micro-composites, (2)
the application of magnetic torque by dc and ac magnetic
field for diamagnetic and paramagnetic particles, and (3) the
application of electromagnetic force for
electromagnetophoresis, dynamic force measurements, and
electrochemical systems. Some topics relate to new types of
magnetic materials, colloidal interaction systems and spin
selectivity in electrochemical processes. There are many
reviews in the literature concerning the use of magnetic
forces in analytical chemistry.” ! Especially, the application
of magnetic nanoparticles or nanocomposites have become
an emerging topic.'”* In this review article, we revisit some
pioneering works briefly, and then introduce recent attractive
studies in the last two decades on the applications of
magnetic forces and electromagnetic forces in the broad field
of analytical chemistry. Finally, we comment on the prospects
of this new field of magneto-analytical science.

This journal is © The Royal Society of Chemistry 2023
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2. Application of magnetic field-
gradient force
2.1 Magnetophoresis

Magnetophoresis is the phenomenon in which a particle
migrates with translational motion under a magnetic field
gradient. Understanding the magnetophoretic behavior of
individual particles is crucial for microfluidic magnetic
separation, magnetic manipulation, magnetic drug targeting,
etc. Here, we briefly introduce the fundamental principle of
magnetophoresis.
Under a magnetic field gradient, VH, a magnetic force,
Finag, works on a particle,”® as follows:
Finag = imMm-VH, (5)
where p,, is the magnetic permeability of the medium
surrounding the particle and m is the magnetic dipole
moment of the particle. The magnetization, M, of a weak
magnetic (paramagnetic or diamagnetic) object is
proportional to the external magnetic field, H, M = yH, where
x is the volume magnetic susceptibility of the object. The
effective dipole moment, m.g, of a spherical particle in a
fluid can be expressed as follows:

Meff = (

ﬂfﬂn) i
where V is the volume of the particle and g, is the magnetic
permeability of the particle. The relation between the magnetic
permeability, 4, and the volume magnetic susceptibility, y, is
given by u = (1 + y)u, with the permeability of the vacuum, .
The value of y is in the order of 10°-107°, and therefore x ~
Ho. The relation between H and the magnetic flux density, B, is
B = uyo(H + M). Hence, in the case of weak magnetic materials, B
~ poH. Consequently, the magnetic force on a spherical weak
magnetic particle can be expressed as follows:

(10=1m)
Py VVBZ?.
24,

(6)

)

Fmag =

This is the driving force of the magnetophoresis of a particle.
The magnetic force is balanced with the viscous drag force
given by

(8)

Farag = 67NV mag,

This journal is © The Royal Society of Chemistry 2023

Illustration of (A) Kelvin force, (B) magnetic torque, (C) typical magnetic dipole-dipole interactions and (D) Lorentz force.

where r is the radius of the particle and vy, is the
magnetophoretic velocity. Therefore, the magnetophoretic
velocity can be expressed as follows:

9)

Thus, the magnetophoretic velocity is proportional to the
difference in y between the particle and medium, the square
radius, and the gradient of B> If the particle is more
paramagnetic than the medium (y, > xm), the particle moves
toward the direction in which B> increases. In the opposite
case (xp < xm), the particle migrates to avoid a stronger field.
From the measurement of the velocity v, the value of y,
can be obtained if the other parameters are known. Then,
the components in the particle can be evaluated, given that
the value of y, is assumed to be the fractional sum of the
magnetic susceptibilities of the components.

2.1.1 Magnetophoresis of single microparticles. Although
magnetic separation had been used in the manufacturing
and mining industries since the 19th century, there were only
a few attempts to investigate the magnetophoretic velocity of
small particles up to the late 1990s. The pioneering work was
done by Gill et al.>* They designed an apparatus to observe
the magnetophoretic velocity of microparticles under a large
inhomogeneous magnetic field of 4 x 10> T> m™" in VB>
between asymmetric pole pieces of an electromagnet. They
suggested determining the magnetic susceptibilities of
polystyrene latex particles and red blood cells from their
magnetophoretic velocities measured with an optical
microscope. Zborowski et al.>® proposed a unique approach
to estimate the average magnetic susceptibility of ferritin
microparticles from their fraction in the elution of a flow
magnetic separator.

The development of image processing techniques and
strong magnets made it easy to directly measure the
magnetophoretic velocity of microparticles. In the late 1990s
and 2000s, fundamental and feasibility studies on
magnetophoresis have been actively conducted. The research
group of Zborowski and Chalmers played an important role
in the development of magnetophoretic velocity analysis.
Chalmers et al®>**” applied a computer algorithm, “cell
tracking velocimetry (CTV)”, to measure the magnetophoretic
velocity of microparticles.”®' To estimate the magnetic
susceptibility from the magnetophoretic velocity, the size of

Lab Chip, 2023, 23,1097-1127 | 1099
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the migrating particle should be measured. However, the
precise size measurement is difficult because of the
displacement of the particles from the focal plane of the
microscope or the variation in the intensity of the
illumination light. Thus, to solve this problem, Jin et al*
simultaneously measured the magnetophoretic velocity, Vag,
and sedimentation velocity, V¢4, with CTV. As shown in
Fig. 2A, the magnetic force is perpendicular to the gravity in
their setup, and thus vy, and veq can be independently
measured. Dividing vyag by Vgeq yields

Vmag (Xp _Xm) V_B2

Vsed (pp —pm)g %y (10)

where g is the acceleration of gravity and p, and p,, are the
densities of the particle and medium, respectively. Eqn (10)
is independent of the radius, r, and the viscosity, #, and y,
can be estimated from this equation, knowing the other
parameters. An electromagnet is equipped to vary the
strength of the magnetic field (Bpax = 1.2 T, VBpay” = 150 T?

(A)

Region of Interest (ROI).
Microscope optical axis is
along =-axds

(B)

Fig. 2

(
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m™'). Fig. 2B shows an example of the CTV analysis. The
most remarkable advantage of the magnetophoretic velocity
analysis is that the distribution of the magnetic
susceptibility of the cells is obtained. For the reliable
measurement of the magnetic susceptibility of red blood
cells (RBCs) with a SQUID magnetometer, 5000 cells are
needed,* and then only the mean value can be determined.
Alternatively, the magnetophoretic method can determine
the magnetic susceptibility of individual red blood cells with
a resolution of 1 x 10’ Hb molecules per cell (4-5 fg of Fe).
They measured the magnetophoretic velocity of
deoxygenated RBCs after 14, 28, and 42 days of storage
(Fig. 2C). The population shifted to a lower velocity,
indicating the loss of Hb in RBC due to aging. In addition,
they observed iron storage in circulating monocytes,**** the
relation between phosphatidylserine expression and
magnetic mobility,>® enzymatic deoxidation of Hb,*” iron
transport in cancer cells,*® and showed the possibility of
hematology analyzer detection.***°

Watarai's group also contributed to the development of

analytical techniques utilizing magnetophoresis. They
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(A) Schematic drawing of magnets and migration channel for the CTV system. 1 and 2 pole pieces and flux return yolk and 3 coil of the

electromagnets. Reproduced from ref. 32 with permission from the Royal Society of Chemistry. (B) Screen output of CTV software of metHb RBC.
Reproduced with permission from ref. 41 from the Royal Society of Chemistry. (C) Histograms of the magnetophoretic velocity of deoxygenated
RBCs for the same specific donor after 14 (1), 28 (Il), and 42 (lll) days of storage. For comparison, the right panel of (I) shows a histogram of the
settling velocity of RBCs at 14 days reprinted with permission from ref. 42. Copyright © 2017, the American Chemical Society.
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investigated the magnetophoretic velocities of diamagnetic
polystyrene microparticles in paramagnetic manganese(n)
aqueous solution, ie., y, < ym." As predicted by eqn (9),
the reverse of the migration direction was experimentally
observed for the first time. In this study, a capillary cell was
set between a pair of Nd-Fe-B magnets. From the
magnetophoretic velocity of a polystyrene microparticle, the
complex profile of VB” at the edge of the magnet could be
determined. Suwa and Watarai constructed an apparatus for
the sensitive measurement of the magnetophoretic velocity
utilizing a superconducting magnet (10 T). By placing a
silica capillary cell between a pair of iron pole pieces in the
bore of the superconducting magnet, a very large gradient
field (maximum of VB> ~ 9 x 10* T> m™) could be
generated.** They measured the magnetophoretic velocities
of individual emulsion droplets and determined the
extraction ratio of an Mn(m)-TTA complex** and the
interfacial concentration of Dy(ur) alkylcarboxylate.***® The
detection limit of Mn(u) attained the attomole level. Further,
Suwa and Watarai succeeded in measuring the rapid photo-
induced spin transition of a single crystal of cobalt-iron
polycyanide*”*® from the change in the magnetophoretic
velocity just after the irradiation of a pulse laser light of
532 nm.*>*° Egami and Watarai®' showed the usefulness of
a magnetic circuit, which was an assembly of permanent
magnets and could generate a strong magnetic field (max.
2.8 T) and a gradient (max. VB® = 7.8 x 10° T> m'). They
could measure the interfacial magnetic susceptibility and
interfacial concentration of Prussian blue on a single
toluene droplet. The magnetophoresis of a single
microbubble in an organic liquid was measured together
with laser-thermophoresis.”*> The bubble behaved like a
paramagnetic particle in a diamagnetic organic liquid, and
the magnetophoretic velocity of the bubble was used to

(A)

Magnetophoretic capillary cell

Glass slide

Pt wire spacer

Two magnets

0.5 mm ga
Th(IID) -

Sample vial

® ; ® | wificd)

Fig. 3

Normalized velocity

Normalized velocity

View Article Online

Critical review

estimate the magnetic susceptibility of the organic liquid.
Their works indicated that the magnetophoretic velocity
analysis is a potential tool for the basic study of microscale
chemistry and materials science.

Recently, Watarai and Chen®® showed the feasibility of the
mole-ratio method utilizing magnetophoretic velocimetry.
The mole-ratio method has been widely used to determine
the composition of metal complexes, commonly utilizing
spectroscopic measurement. The diamagnetic C-18 silica
particles adsorbed with a hydrophobic phosphate ligand (L)
were dispersed in an aqueous solution of a paramagnetic
metal jon (M), whose concentration was not very high to
affect ym. The metal complex (ML) was formed on the
hydrophobic pore surface of the silica particle, and thus y,
increased. Fig. 3B shows the plots of the normalized velocity
Of Vnpae Which was obtained as the ratio of the
magnetophoretic velocity to the maximum velocity at the
fixed magnetic field gradient position, against the mole-ratio
of the metal to ligand. Similar to the traditional mole-ratio
method, the plots were approximated by two straight lines,
and the intersection of these lines corresponded to 1/g. The
device of this method is simple and inexpensive, as shown in
Fig. 3A. This method was also applied to micro-solvent extraction
systems.”® The magnetic moleratio method can detect
picomoles of paramagnetic ions and is especially advantageous
for systems with no characteristic absorption bands.

The measurement of the magnetophoretic velocity of sub-
micrometer-sized fluorescent polystyrene spheres was
demonstrated in 0.5 M MnCl, aqueous solution.’®> Given that
it was hard to directly measure their diameter (0.5-5 um)
with an optical microscope, the size of the particles was
estimated from the Brownian motion perpendicular to the
field gradient. Watarai et al. also proposed an alternative way
to avoid the problem of the size measurement in

(B)
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(A) Schematic drawing of the cell to measure the magnetophoretic velocity of a C18-silica particle adsorbed by a metal complex with bis(2-

ethylhexyl)hydrogen phosphate (HDEHP). (B) Magnetophoretic mole-ratio plots determining Co(DEHP), and Tb(DEHP)s. Reprinted with permission

from ref. 53. Copyright © 2017, the American Chemical Society.
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magnetophoretic velocity analysis, which is regarded as zero-
velocity magnetophoresis.’® The magnetophoretic velocity of
a particle in a liquid medium must be zero at y, = ¥, when
the influence of gravity force is removed. In this feasibility
study, the y,, of the aqueous medium was varied by adding
DyCl;, or the yy, of the nonaqueous medium was changed by
using different organic solvents. The magnetophoretic
velocity normalized by VB> against y, had a linear
relationship, and the extrapolation of y, to Vy.e = 0 yielded
xp- This method not only can be applied to smaller particles
but also to non-spherical particles or the measurement of the
magnetic susceptibility of the medium.

2.1.2 Magnetophoresis of magnetic particles. Magnetic
beads are widely used as a label for the separation of biological
cells. The magnetic beads typically contain superparamagnetic
iron oxide magnetic nanoparticles (MNPs). In a sufficiently
high magnetic field (>0.1 T), the magnetization reaches
saturation Mg In this condition, the effective magnetic
moment can be expressed by m.¢ = MV, the direction of which
is parallel to the external magnetic field. Therefore, as the
magnetic moment becomes constant, VB is a better parameter
for the magnetophoresis of MNPs than VBZ.

It is of great interest how small MNPs are moved by a
magnetic force. Lim et al®” studied the magnetophoretic
behavior of individual iron oxide MNPs (38 nm magnetic core
and a 67 nm thick polymer/Au nanoparticle plasmonic shell)
using a dark-field optical microscope. The magnetic field
gradient of 100-1000 T m™" was produced by an
electromagnet and a thin (5 um) pole piece of mu-metal as a
magnetic tweezer. They observed the magnetophoretic
displacement of an iron oxide MNP located at a distance of
less than 10 um under a magnetic field gradient, which was
sufficient to dominate the Brownian motion. Zhang et al.’®
also measured the magnetophoretic velocities of single MNPs
in a microchip with a permanent magnet, which were found
to be 2.73 um s™* for 160 nm diameter MNPs and 23.6 um s
for diameter 500 nm MNP. Their studies suggested that this
type of larger single MNP can be moved by an Nd-Fe-B
magnet, and the migration velocity of MNPs can be utilized
for viscoelastic force measurements in living cells.

MNPs were used for solid-phase extraction because they
are easily collected with a permanent magnet from a sample
solution. However, in this type of system, MNPs tend to form
complex aggregates and agglomerates. Therefore, the
separation behavior cannot be explained by the
magnetophoresis of simple individual MNPs. According to
the fundamental studies by Lim et al,”® to account for the
separation with weak magnetic field gradients, two physical
effects should be considered, Le., cooperative
magnetophoresis and magnetophoresis-induced convection.
The former means the magnetophoresis of strongly
interactive particles or chain-like aggregates formed by
dipole-dipole interaction induced by a magnetic field.*® The
aggregation of MNPs dramatically enhances the
magnetophoretic velocity.®" Alternatively, the latter indicates
a fluid dynamic instability due to an inhomogeneous
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magnetic field.®> As depicted in Fig. 4A and B, the magnetic
force near the magnet is stronger than far from it. Therefore,
the inhomogeneous motion of MNPs causes convection in a
cuvette by momentum transfer between MNPs and the
surrounding fluid, as shown in Fig. 4C. This convective
motion boosts the magnetophoretic capture of MNPs. Their
study provides insights into the design of MNPs and
magnetic separation systems.

2.2 Magnetic manipulation of micro/nano particles

2.2.1 Levitation and trapping of diamagnetic particles in
paramagnetic media. Microparticles can be magnetically
levitated under a magnetic field gradient. Magnetic levitation
can be performed at the vertical position z, where the
magnetic force balances with the gravity force, as follows: (y,
= Xm)(BOB/O2)/pty — (pp — pm)g = 0. The condition y, < ym is
needed for stable levitation when p;, > p, and (BaB/dz) < 0. In
this condition, a repulsive force acts on the particles from the
magnetic attraction of the medium. This force is called
“magnetophoretic buoyancy”. Ikezoe et al.*> demonstrated the
levitation of water (y, = =9.03 x 107°, a volume of ~7 cm?) in
oxygen gas (ym = 1.80 x 10°° 12 atm) under an
inhomogeneous  magnetic  field generated by a
superconducting magnet (B = 10 T, |BdB/dz| = 420 T> m ™). If
the medium is air (¢, = 0.38 x 10™%), |BdB/oz| > 1400 T> m™" is
required for the Ilevitation of water. Based on this
enhancement of the magnetic force in oxygen, they utilized
magnetic levitation to separate KCl and NaCl powders.** Glass
particles, whose density and magnetic susceptibility are not
the same, are suspended in 6.0 wt% MnCl, aqueous solution
and well separated to different equilibrium positions.**

Instead of gravity, Namba and Watarai combined the
vertical flow of the medium with magnetic buoyancy to trap a
particle depending on the size and magnetic susceptibility.®®
They demonstrated the magnetic trapping of human blood
cells suspended in 0.1 M MnCl, aqueous solution under a
gradient of 1800 T> m™" generated by permanent magnets in
a square capillary tube (100 um x 100 um in the inner
section). The blood cells could be trapped at the edge of the
pole pieces, and complete trapping could be performed when
the flow rate was less than 1 uL h™ (~30 um s™).

Whitesides and colleagues have developed an analytical
separation technique that utilizes the levitation principle
(called “MagLev”).°® They made a minimal point of B>
between a pair of permanent magnets with a like-pole-facing
configuration (N-N or S-S). After putting a powder sample in
a paramagnetic liquid (for example, MnCl, or Gd(m) complex
aqueous solution) between the magnets, the sample started
moving to the equilibrium position, which depended on its
density and magnetic susceptibility. They especially focused
on the difference in density as a characteristic parameter for
separation rather than magnetic susceptibility. This method
has comprehensive applicability with various diamagnetic
samples, such as polymers,®” foods,®® crystal polymorphs,®’
and illicit drugs.”

This journal is © The Royal Society of Chemistry 2023
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(A) Time-lapse images of the capture of MNPs (ca. 30 nm) in diluted suspension with a permanent magnet. (B) Illustration of the convection
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induced in a MNP suspension by an inhomogeneous magnetic field. (C) Time-lapse images of macroscopic convection visualized using a dye
(methylene blue). Reproduced from ref. 62 with permission from The Royal Society of Chemistry.

Using magnetophoretic buoyancy, Rodriguez-Villarreal
et al.”" demonstrated the continuous focusing of diamagnetic
particles in a capillary flow system. The capillary cell was
placed at the gap (300 pm) between two Nd-Fe-B permanent
magnets with a like-pole-facing configuration. The
suspension of diamagnetic particles in a paramagnetic
aqueous solution flowed in the capillary. The diamagnetic
particles were repelled from both magnets and continuously
focused on the center of the capillary. They examined
different types of particles (polystyrene microspheres and
HaCaT cells) and paramagnetic solutions (MnCl,, GdCl;, and
gadolinium(ur)-diethylenetriaminepentaacetic acid (DTPA)).

Graphite is strongly diamagnetic and has magnetic
anisotropy. For highly oriented pyrolytic graphite (HOPG), the
magnetic susceptibility along its out-of-plane direction
(perpendicular to the graphene plane) is -5.82 x 107,
whereas that along the in-plane direction is -8.2 x 10, Given
that the magnetic susceptibility of water is -9.0 x 107°, the
magnetophoretic buoyancy could be subjected to HOPG in
water. Nguyen et al’> investigated the magnetophoretic
behavior of a HOPG flask with full sizes of 4.6 um x 3.4 um x
1.2 um on average. A pair of permanent magnets produced
the magnetic field (>1 T) and the field gradient of VB* =
2300 T> m™, which was strong enough to align the HOPG
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Fig. 5

flask with the graphene planes parallel to the magnetic field.
They successfully measured the magnetophoretic velocity of
lipid-coated graphite in NaCl aqueous solution, suggesting a
way for previously undiscovered biomedical applications.

Dunne et al.”? reported an interesting attempt to make a
microfluidic channel in a magnetic fluid by utilizing
magnetic buoyancy. They fabricated a quadrupolar magnet
consisting of four bar magnets, as shown in Fig. 5. A null
magnetic field at the center of the quadrupolar magnet was
created. Diamagnetic water in ferrofluid was confined at the
null magnetic line, and then a “water antitube” was formed.
This liquid-in-liquid channel showed remarkable advantages
including self-healing, non-clogging, near-frictionless, and
adjustable thickness. A blanched antitube can be created by
shaping two stacked magnets with waterjet-cutting. For
example, the Y-junction of the antitube was successfully
formed in ferrofluid. Furthermore, flow control, such as
pumping and valving, in the antitube could be done by
manipulating the field.

2.2.2 Magnetic manipulation and separation of
microparticles in microfluidic devices. The combination of
magnetic force and a microfluidic device enables the precise
and complicated manipulation and separation of

microparticles. Various ideas that utilize magnetic

(A) Permanent magnets (red, blue) in an in-plane quadrupolar configuration. The yellow area shows a low-field zone created at the centre,

where an antitube of water is stabilized inside an immiscible magnetic liquid. (B) Contour plot of the magnetic field. (C) Synchrotron X-ray
tomographic reconstruction of a water antitube (yellow) with a diameter of 81 um, surrounded by ferrofluid (blue). Reproduced from ref. 73 with

permission. Copyright © 2020, Springer Nature.
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manipulation have been proposed in the field of lab-on-a-
chip’*”° after the work of Pamme et al.®® They fabricated a
microchip with a 6 mm x 6 mm separating chamber, 16
buffer inlets, 1 sample inlet, and 17 outlets, causing the
flow speed in the chamber to become uniform.*® A
magnetic field gradient was applied perpendicular to the
flow direction. They successfully separated particles based
on the difference in deflection. Recently, the deflection in
the continuous flow was utilized to fabricate polyelectrolyte
(PE) microcapsules for drug delivery. As shown in Fig. 6A,%
the ferrofluid droplet was deflected through a multilayer
stream by magnetic force. They successfully produced
multilayer PE-coated capsules in 1 step.

Navi et al®® fabricated a continuous cell separation
platform using an aqueous two-phase system (ATPS), which
consisted of a dextran (DEX)-rich lower phase and
polyethylene glycol-polypropylene glycol-polyethylene glycol
(PEG-PPG-PEG) triblock copolymer-rich upper phase. As
shown in Fig. 6B, the microchip was filled with ferrofluid in
the PEG-PPG-PEG phase, whereas the cell suspension in the
DEX phase was injected through a microneedle. Due to the
cell-triggered  Rayleigh-Plateau instability, the cell-
encapsulated droplets were larger than the empty droplets.
Then, the difference in magnetic buoyancy on these droplets
resulted in distinguishable deflection in the microchip. This
technique does not require a cumbersome procedure of
magnetic labeling.

Zhang et al® demonstrated comprehensive two-
dimensional manipulation of diamagnetic microdroplets in
ferrofluid by hydrostatic pressure and magnetophoretic
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buoyancy. Fig. 6C summarizes the concept of manipulation.
A diamagnetic oil droplet is individually generated at a
T-junction by controlling the