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Abstract

Manipulating particles and cells in magnetic liquids through so-called “negative magnetophoresis”
is a new research field. It has resulted in label-free and low-cost manipulation techniques in
microfluidic systems and many exciting applications. It is the goal of this review to introduce the
fundamental principles of negative magnetophoresis and its recent applications in microfluidic
manipulation of particles and cells. We will first discuss the theoretical background of three
commonly used specificities of manipulation in magnetic liquids, which include the size, density
and magnetic property of particles and cells. We will then review and compare the media used in
negative magnetophoresis, which include paramagnetic salt solutions and ferrofluids. Afterwards,
we will focus on reviewing existing microfluidic applications of negative magnetophoresis,
including separation, focusing, trapping and concentration of particles and cells, determination of
cell density, measurement of particles’ magnetic susceptibility, and others. We will also examine
the need for developing biocompatible magnetic liquids for live cell manipulation and analysis,
and its recent progress. Finally, we will conclude this review with a brief outlook for this exciting
research field.

Graphical abstract

Manipulating particlesand cellsin magnetic liquids is a new and exciting research field. It
offers label-free and low-cost techniques for microfluidic manipulation. Its fundamental principles
and recent applications are reviewed.
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1. Introduction

Microfluidic particle and cell manipulation has brought significant advances to disease
diagnostics,[1] therapeutics,[2] environmental monitoring,[3] and single-cell studies.[*]
Traditional technologies for particle and cell manipulation (e.g., FACS — fluorescence
activated cell sorting) have been developed for cell enrichment.[5] However, they are often
labor-intensive and require “labels” to identify cells of interest. In addition, high costs of
such systems, along with operating and reagent costs, limit their broader adoption.[] On the
other hand, manipulation specificity of existing microfluidic techniques often exploits
intrinsic physical properties of particles and cells, such as their differences in size, shape,
density, deformability, electric and magnetic properties, for fast and efficient applications
including separation and focusing.[8 7- 8 These applications and their working principles are
well documented in a series of recent review articles.[®: 8. Among these reviews are
techniques based on interactions between external energy inputs and particles or cells, which
include dielectrophoresis, optical forces, acoustophoresis and magnetophoresis.
Dielectrophoresis[®] enables manipulation of cells in non-uniform electric fields. The
alternating fields, however, may polarize a cell's membrane and disrupt normal metabolic
function. Optical tweezers!1% employ force exerted by a laser beam to manipulate cells. This
method is usually applied to a single object, and heating from the laser beam can potentially
denature biological entities. Acoustophoresis!!!! uses acoustic forces generated on-chip to
manipulate particles and cells based on their sizes and densities. Its high cost for
experimental setup may pose a challenge for the wide application of acoustophoresis.

Using magnetic beads for microfluidic cell manipulation, often referred to as “positive
magnetophoresis” or simply “magnetophoresis” (see Figure 1(a)), is an attractive technology
when compared to other competing ones, such as dielectrophoresis.[12: 13. 141 Magnetic force
is an “action at a distance”; it is not directly in contact with cells, minimizing potential
hazardous effects that can reduce the viability of cells, which is typically associated with
dielectrophoresis. This force depends on the magnetic moment of a particle or a cell and the
gradient of external magnetic fields.[25-17] Underlying principles and applications of positive
magnetophoresis have been previously reviewed.[12: 13.14. 18] A typical application of
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positive magnetophoresis is the manipulation of magnetically labeled cells. It involves first
labeling cells of interest with magnetic beads to render the cell-bead conjugate magnetic.
Because the magnetization of beads is larger than its surrounding medium (e.g., water), cell-
beads conjugates are magnetized under external fields and therefore move towards the
location of field maxima. As a result, cells of interest can be manipulated (e.g., resulting in
separation, trapping, focusing) from the rest of the sample. Microfluidic positive
magnetophoresis has been developed to separate beads with different magnetic
susceptibilities,[19 201 and cells with different distributions of magnetic nanoparticles.[?1]
However, this technology has several limitations. First, it uses magnetic beads for labeling in
order to achieve specific manipulation and separation. The process of incubating cells with
magnetic beads can take up to several hours, and multiple washing steps are needed, 2]
rendering the whole assay time-consuming and manually intensive. Second, manipulation
specificity of positive magnetophoresis depends on the magnetic moment of beads or
loading of magnetic nanoparticles in cells. Magnetic moments of beads can vary
dramatically even in the same batch due to their manufacturing process.[17: 221 Third, loading
of magnetic nanoparticles in cells is greatly affected by their endocytotic capacities or
ligand-receptor interactions and can vary among the same type of cells.[21. 23] Clearly, it is
highly beneficial to retain the benefits of positive magnetophoresis while eliminating the
labeling step, in which cells and magnetic beads must be incubated together for a long
period prior to manipulation.

A recent magnetic manipulative technique, termed “negative magnetophoresis” (also
referred to as diamagnetophoresis) (see Figure 1(b)),[%] is label-free and can address the
above-mentioned problems.[24 251 The principle of negative magnetophoresis is exactly the
opposite of positive magnetophoresis. Particles or cells to be manipulated in this case are
less magnetic (diamagnetic in most cases)than that of their surrounding medium, which is
typically a magnetic liquid such as a paramagnetic salt solution[26: 271 or a ferrofluid.[24 28]
Particles or cells placed inside a magnetic liquid act as “magnetic holes”.[29] An externally
applied magnetic field gradient attracts the liquid medium, which causes the cells to be
preferentially pushed away.[16] As such, particles or cells inside these magnetic liquids can
be potentially manipulated towards a weaker field direction without the time-consuming
labeling step. The force acting on them is named as magnetic buoyancy force, which is a
body force and is proportional to the volume of particle or cell.l16] A typical application of
negative magnetophoresis is size-based cell separation, which does not need any magnetic
tags for labeling. Cells of different sizes are simply injected into a continuous-flow
microfluidic channel filled with magnetic liquids. Balanced by viscous drag force, large cells
experience more magnetic buoyancy force than smaller ones, resulting in a spatial separation
between the two species at the end of the channel.[28. 30] The advantages of negative
magnetophoresis include the following. First, it is a label-free manipulation, which can
potentially reduce the time and cost associated with label-based assays. Second, a typical
setup for negative magnetophoresis is very simple and low-cost, only requiring a
microchannel and a permanent magnet in most cases. Third, magnetic liquids can potentially
be made biocompatible,[25 31 which may enable live cell manipulation for certain cell
types. However, it is important to note that biocompatibility of magnetic liquids is still a
work in progress. Both short-term viability and long-term cellular functions (e.g.,
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proliferation, gene expression, and nanoparticle uptake) need to be carefully studied for each
cell type to determine whether a specific magnetic liquid is truly biocompatible.

The goal of this article is to review the fundamental principles of negative magnetophoresis
and its recent applications in microfluidic manipulation of particles and cells. The remaining
sections of the article are structured as follows. First, we introduce the commonly used
specificities of manipulation in magnetic liquids, which include size, density and magnetic
property of particles and cells. Second, we review and compare the media used in negative
magnetophoresis, which includes paramagnetic salt solutions and ferrofluids. Third, we
summarize the existing microfluidic applications of negative magnetophoresis, including
separation, focusing, trapping, etc., and compare their performance. In addition, we also
discuss the biocompatibility of magnetic liquids that is critical for live cell manipulation.
Finally, we present an outlook for this new and exciting research field.

2. Dominant Forces

The types of forces in microfluidic systems, especially in positive and negative
magnetophoresis, have been summarized in several review articles.[13: 18] The most relevant
ones among them for this review article are magnetic force, hydrodynamic viscous drag
force, and gravitational/buoyant forces that are depicted in Figure 1(c). Other forces
including surface DLVO (Derjaguin-Landau-\Verwey-Overbeek) force, Brownian motion,
particle and fluid interaction, and interparticle effects are secondary in nature; therefore, we
neglect them in this review.[3?]

2.1 Magnetic Force

A general expression for the magnetic force Fm on a magnetized body in a magnetic liquid
under a magnetic field is shown in Equation (1).[16] Here 1y = 4 x 107 H m is the
permeability of free space, Vis the volume of the magnetized body, typically a spherical
particle or cell with diameter of D, M), is its magnetization (close to zero for most cells), M
is magnetization of the magnetic liquid surrounding the body, and A is magnetic field
strength at the center of the body.

BV [ (31, — ) - 9] H="202 [ (31, - 3,) - v] &

6 )

For particle and cell manipulation in paramagnetic salt solutions or ferrofluids under weak
magnetic fields, magnetizations of both the body A7, and the magnetic liquid A¢depend
approximately linearly on the applied field, resulting in Mj, = y,Hand M¢= y ¢+, where y,
and yrare the dimensionless volume magnetic susceptibilities of the body and the magnetic
liquid, respectively. Therefore, the magnetic force under a weak field approximation takes
the form of Equation (2), which is often cited in the literature.[12 131 Here Bis magnetic flux
density.
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For particle and cell manipulation in ferrofluids under strong magnetic fields, Equation (2) is
no longer valid as the magnetization of a superparamagnetic particle depends nonlinearly on
the applied field, as does the magnetization of a ferrofluid. Both the superparamagnetic
particle and ferrofluid can be modeled accurately by the classical Langevin theory. Langevin
theory considers magnetic nanoparticles in a superparamagnetic particle and a ferrofluid as a
collection of monodispersed and non-interacting magnetic dipoles.[18] This approach leads
to the Langevin function of magnetization[16] in Equations (3) and (4). Here

ap=pom My Hd} /6, T and ap=por My, Hd} /61, T. ¢pand grare volume fractions of
the magnetic materials, M, , and My, are saturation moments of the bulk magnetic
materials, and dj, and drare diameters of nanoparticles in a superparamagnetic microparticle
and a ferrofluid, respectively. xz is the Boltzmann constant, 7 is temperature.

%

M 1
Tp:L(ap):coth(ozp) -
(Zsp]\/jp,b p (3)

H

M 1
——L —L(ay)=coth(ay) — —
(ﬁf]\ff_’b af (4)

In the case of positive magnetophoresis, magnetization of the superparamagnetic particle A;l;,
is always larger than its surrg_unding medium Mg Under a non-uniform magnetic field, the
direction of magnetic force £, on the particle is pointing towards field maxima. On the other
hand, for negative magnetophoresis, magnetization of the particle or cell M), is always less
than its surrounding magnetic liquid Mg and the direction of magnetic force ~,, on the
particle or cell is pointing towards field minima.

2.2 Hydrodynamic Viscous Drag Force

The Reynolds number in a typical microfluidic device is much less than 1, resulting in
laminar flows. Hydrodynamic viscous drag force thus plays a significant role in particle and
cell manipulation; its expression on a spherical particle is,

?h: —3mnD, (ﬁp — ﬁf) o )

Here, nis the viscosity of magnetic liquids, l_]p and [/}are velocity vectors of magnetic
liquids and particles, respectively, 7pis hydrodynamic drag force coefficient of a particle

Adv Funct Mater. Author manuscript; available in PMC 2017 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 6

experiencing the effect of having a solid surface in its vicinity, which is often referred to as a
“wall effect”. The function fp can be expressed in Equation (6) as a resistance function of
hydrodynamic interaction between the particle and the surface. Its appearance indicates the
particle experiences increased fluid viscosity as it moves closer to the surface.[33]

P PN N S WY " w5( p, \' 1( D Y
v 16 \ Dp+2A ) 8\ Dp+2A 256 \ Dp+2A 16 \ Dp+2A

Here, A is the shortest distance between particle surface and solid surface.

In the case of ferrofluids as the surrounding medium, the magnetic nanoparticles tend to
form a chain structure due to inter-particle interaction, leading to an increase of the overall
liquid viscosity. This phenomenon is known as the magnetoviscous effect.[34 However, such
an effect becomes pronounced only in highly concentrated ferrofluids. The volume
concentration of ferrofluids in particle and cell manipulation, however, is on the order of 1%,
and therefore the magnetoviscous effect can be neglected for future analysis.

2.3 Gravitational and Buoyant Forces

The net force of gravitational and buoyant forces on a spherical body can be expressed as,

7D3
7R=Tp (op—p) J o

Here, gis the direction of gravity, ppand prare the densities of the particle or cell, and its
surrounding magnetic liquids, respectively. Typically, particles and cells possess a density
that is very close to that of magnetic liquids. As a result, the net force 7, is usually one order
of magnitude lower than magnetic force £, or hydrodynamic force Fp However, the subtle
difference of this force between two species with very similar densities was recently
exploited for high-resolution particle and cell separation in magnetic liquids.[35-3%1 We will
review its working principle in Section 4.2.

Due to the low Reynolds number and resulting laminar flow in microfluidic systems, inertial
effects can be neglected. Therefore the dynamics of particles and cells in magnetic liquids
are determined by the balance of all dominant forces,

Fot Frt Fo=0 (g)

Equation (8) yields the relative velocity of a spherical body in magnetic liquids,
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It is clear from Equation (9) that the dynamics of a particle or a cell in magnetic liquids is
determined by its physical properties, including size, density, as well as the contrast of
magnetization between itself and surrounding medium. These three physical properties are
currently being exploited for microfluidic applications using magnetic liquids. We will
discuss the origins of these manipulation specificities and their applications in Section 4.

3. Magnetic Liquids

3.1. Paramagnetic Salt Solutions

Representative applications of negative magnetophoresis in microfluidics include cell and
particle manipulation in either a paramagnetic salt solution or a ferrofluid. Several types of
paramagnetic salt solutions are available for this purpose. They are generally formed with a
paramagnetic metal and an organic chelating agent or halide. Solutions containing certain
transition and lanthanide metals, such as Mn?* and Gd3*, are paramagnetic due to their
unpaired inner-shell electrons that can produce a magnetic moment. Chelating agents, such
as diethylenetriaminepentaacetic acid (DTPA) and diethylenetriamine triacetic acid
didecyldiacetamide (DTAD) can bind to these metal cations. Gd-DTPA is commonly used by
Whitesides's and coworkers in experiments that involve proteins, since it is a cheap and a
readily available paramagnetic solution used in magnetic resonance imaging (MRI), which
does not denature proteins.[38 49 Gadolinium based contrast agents (GBCAs) were
introduced in 1984 to perform MRI scans on patients using Gd(DTPA)2".[*1] Gadolinium in
all GBCAs is chelated to organic ligands to render the compound safe, as the free
gadolinium ion is toxic to humans.[42] GBCAs are widely viewed as being safe to administer
to patients with almost no adverse health effects. GBCAs such as gadavist (gadobutrol) have
been used more recently in density based separation experiments as the paramagnetic
medium of choice.[43: 44 When injected into human patients, most GBCAs are formulated in
concentrations of 0.5-1 m, or administered at 0.1 mmol kg2-0.3 mmol kg1 of body
weight.[421 When used in density based manipulation settings, it is used at concentrations
between 25-250 mm.[43-45] Halide salts, such as MnCl, and GdCls are more widely used in
experiments when samples of interest do not dissolve in aqueous solutions.[37] They are also
transparent so that particles or cells are visible in them. However, they have relatively high
vapor pressure, which makes storing the solutions difficult, since they slowly lose volume
over time. The loss of solvent also changes the concentration of the salt solution and affects
its magnetic properties. Recently developed paramagnetic ionic liquids (PILs) have a low
vapor pressure and do not evaporate easily.[48] PILs are a subset of ionic liquids that contains
cation-anion mixtures and melt at or below 100 °C.[47] Typically, a combination of a
sterically hindered organic cation and a metal-halide anion complex are used to create a
P1L.148] Some common metal-halide complexes include [GdClg]3*, [DyClg]3*, [HoClg]3*,
and [MnCl4]2*. As previously discussed, these metals are paramagnetic due their unpaired
inner-shell electrons, and as a result, the ionic liquid containing these metals is paramagnetic
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as well. For example, 1-butyl-3-methylimidazolium tetrachloroferrate ([BMIM] [FeCly4]) is a
common PIL.[46. 491 P|L_s have increased shelf life due to their low vapor pressure, low
melting points, high thermal stability, and tunable properties.[46]

Generally speaking, a paramagnetic salt solution has relatively low volume magnetic
susceptibility and magnetization. For example, manganese (I1) chloride (MnCl,)'s solubility
limit in water at room temperature is 1470 kg m3,150] corresponding to a molar
concentration of 11.7 wm. Its initial volume magnetic susceptibility is 9x10 at this solubility
limit, while its magnetization is 1.4x103 A m't and 1.4x10% A m™1 at magnetic flux densities
of 2 T and 20 T, respectively.[16] Commonly used concentrations of the paramagnetic salt
solution in the published literature are in the range of 0.1-1 m, partly in order to achieve
good biocompatibility for cell manipulation.[20. 26. 51-53] As a result, its typical susceptibility
and magnetization are even lower than the above-mentioned values. Typical applications of a
paramagnetic salt solution use either high magnetic fields generated from superconducting
magnets[®L: 53] or high field gradients from microfabricated ferromagnetic structures!??! to
compensate for its low susceptibility and magnetization and achieved fast particle and cell
manipulation.

3.2. Ferrofluids

Another type of magnetic liquid that has relatively high volume magnetic susceptibility and
magnetization under fields generated by permanent magnets is ferrofluids. Ferrofluids are
colloidal suspensions of magnetic nanoparticles, typically magnetite (Fe30,4) or maghemite
(Fe,03) with diameters of approximately 10 nm.[16] The nanoparticles are covered by either
electrostatic or steric surfactants to keep them from aggregating and in suspension within a
carrier medium. Ferrofluids can be prepared by simple chemical co-precipitation methods.
Its synthesis usually involves co-precipitation of ferrous and ferric salts in an aqueous base
solution, followed by an oxidation process.[26] Progress has also made towards developing
biocompatible ferrofluids for MRI contrast agents.[54] For example, oleic acid coated iron
oxide nanoparticles dispersed in chitosan were synthesized for MRI contrast agent,[®°] and
starch polymer coated magnetic nanoparticles were prepared for MRI tests in tumor
targeting.[¢] Ferrofluid hydrodynamics (ferrohydrodynamics), dealing with mechanics of
ferrofluid motion under external magnetic fields, has been well studied since 1960s.[16] The
fundamentals and applications of ferrohydrodynamics are reviewed and summarized in
several books.[16: 571 |n its applications to particle manipulation, an effective magnetic dipole
moment within the diamagnetic object immersed in ferrofluids is induced. As a result, the
object experiences a magnetic buoyancy force under a non-uniform magnetic field. This
principle has been used to assemble particles.[29: 58]

The susceptibility and magnetization of a ferrofluid are tunable through controlling its
concentration of magnetic materials. For example, the maximal volume fraction of a water-
based magnetite ferrofluid is approximately 10%. Given the bulk magnetization of magnetite
is 4.46x10° A m™1, this ferrofluid's initial volume magnetic susceptibility is on the order of
1, and its saturation magnetization is on the order of 10* A m™1 under fields generated from a
hand-held permanent magnet, both of which are significantly larger than the values of a
paramagnetic salt solution. Better magnetic properties of the ferrofluid may enable its
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applications with the use of simple permanent magnets, instead of superconducting magnets
or microfabricated ferromagnetic structures, for fast microfluidic manipulations.

Typical ferrofluids used in microfluidic applications are water-based. The issues of using
water-based ferrofluids for particle or cell manipulation are two-fold. First, light diffraction
from the high concentration of magnetic nanoparticles in ferrofluids makes it difficult to
directly observe particles or cells. To solve this problem, microfluidic devices with shallow
channels and ferrofluids with low solid volume fraction are needed. Second, biocompatible
ferrofluids are necessary for live cell manipulation. For mammalian cells, materials, pH
value, and surfactants of ferrofluids need to be rendered biocompatible, while at the same
time the overall colloidal system of ferrofluids must be maintained. To satisfy these criteria,
the materials of nanoparticles within ferrofluids need to be biocompatible, such as magnetite
or maghemite. The pH value of ferrofluids needs to be compatible with cell culture and
maintained around 7. Salt concentration, tonicity, and surfactant must be carefully chosen
close to physiological conditions to reduce cell death. Progress has been made towards
synthesizing biocompatible ferrofluids, which will be reviewed in Section 4.4.2.

4. Review of Applications

4.1. Size Based Manipulation

Size difference among particles or cells is the most frequently used manipulation specificity
in magnetic liquids. Equation (9) indicates that particles or cells with larger size (volume)
move faster in magnetic liquids than smaller ones, provided that they share the same
magnetic properties, and their velocities are perpendicular to the direction of gravity. Larger
particles or cells move faster because larger particles or cells experience much more
magnetic forces than smaller ones, as the magnetic forces are proportional to the volume,
while the hydrodynamic viscous drag force, on the other hand, scales only with the diameter.
This is the working principle for size based manipulation in magnetic liquids. A schematic
of continuous-flow size based manipulation in magnetic liquids is also shown in Figure 2(a).
Cells mixed with magnetic liquids are introduced into a microfluidic channel and
hydrodynamically focused by a sheath flow. Once entering the separation region, deflection
of cells from their flow paths occurs because of the magnetic forces on them under a non-
uniform magnetic field. At the end of the channel, larger cells are deflected into a different
outlet than smaller ones, as shown in Figure 2(a). Through different magnetic field patterns,
size based manipulation were also applied on particle and cell trapping (Figure 2(b)) and
focusing (Figure 2(c)). We now review its existing microfluidic applications using either
paramagnetic salt solutions or ferrofluids.

4.1.1. Paramagnetic Salt Solution Based Manipulation

Separation: Size differences between particles or cells are often used for separation in
paramagnetic salt solutions. Their working mechanisms and performances are summarized
in Figure 3 and Table 1. Tarn et al.[>1 applied diamagnetophoresis for a continuous
separation of diamagnetic particles in MnCl, solution (0.48 and 0.79 m), as shown in Figure
3(a). They examined the separation of 5 um and 10 um diameter particles in different
concentrations of this salt solution and concluded that better separation performance could

Adv Funct Mater. Author manuscript; available in PMC 2017 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 10

be achieved with a higher concentration of MnCl, solution in a superconducting magnet
with an external magnetic flux of 10 T. Kawano et al.[5%] developed a two-dimensional
capillary cell to separate particles in MnCls solution (1 m) using triangular shaped pole
pieces, as shown in Figure 3(b). Fractionation of particles with different diameters (1, 3, and
6 um) was achieved in a superconducting magnet. They also fractionated deoxygenated and
non-deoxygenated red blood cells using a wider capillary cell. They showed that
deoxygenated red blood cells had a large variation of the magnetic susceptibility. VojtiSek et
al.[331 developed two microfluidic devices, which were inserted into the bores of
superconducting magnets, to separate particles of different sizes (5.33 and 10.32 pm). They
concluded that diamagnetic repulsion of particles could be enhanced by increasing particle
size, concentration of paramagnetic salt solution, and magnetic field strength and gradient.
They further demonstrated deflection of microbubbles suspended in MnCl, (0.48 wm).
Peyman et al.[26] developed a versatile microfluidic device (see Figure 3(c)) for particle
separation in a MnCl; solution (0.79 m). The device was used to separate 5 um and 10 pm
particles. Shen et al.[27] developed a microfluidic system with microfabricated nickel
microstructures embedded in a microchannel, as shown in Figure 3(d). The system generated
sufficient magnetic repulsion forces for the separation of cells and particles with different
sizes. They demonstrated the separation of U937 cells (human histolytic lymphoma
monocytes) from red blood cells (RBCs) with over 90% purity and moderate throughput of
1x10° cells h'l in a Gd-DTPA solution.

Focusing: Focusing particles and cells[8% into a narrow stream in a continuous-flow manner
is critical for downstream analytical procedures in microfluidic systems. In order to achieve
focusing in magnetic liquids, a local magnetic field minima needs to be created in the
microfluidic device, typically via a pair of opposing magnets. Diamagnetic particles and
cells suspended in magnetic liquids, experiencing magnetic buoyancy force as they flow
through the channel, can then be focused into narrower streams for further processing.
Working mechanisms and performances of existing focusing schemes using paramagnetic
salt solutions are summarized in Figure 4 and Table 1. Peyman et al.[28] developed a system
with a capillary and a pair of magnets to focus continuously diamagnetic particles (10 um)
into a narrow stream, as shown in Figure 4(a). They demonstrated that the diamagnetic
forces were capable of focusing particles to the center of a fused silica capillary at a flow
rate of 40 pL h1. Rodriguez-Villarreal et al.[20] developed a diamagnetic repulsion setup to
focus particles (10 and 20 pm) and HaCaT cells (spontaneously immortalized human skin
keratinocyte) in a continuous-flow fashion. They optimized focusing parameters including
magnetic susceptibility of the medium, flow rate, particle size, and exposure time of
particles in the magnetic field. They demonstrated that 40% of HaCaT cells could then be
focused in paramagnetic media (39 mm Gd-DTPA) in their setup. Zhu et al.[®1] studied the
transport of diamagnetic particles (5, 10, 15 um) in a MnCl, solution (0.04, 0.2, 1 m). They
looked into the effects of particle position, size, flow rate and concentration of salt solution
on particle deflection.

Trapping and concentration: Trapping and concentrating particles or cells are
conceptually similar to focusing, except in this case, the flow in microfluidic devices is static
or very small so that the magnetic buoyancy force is able to retain particles or cells at the
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locations of magnetic field minima. Its working mechanisms and performance are
summarized in Figure 4 and Table 1. Watarai et al.[%2] studied the magnetophoretic
migration behavior of diamagnetic particles in a paramagnetic salt solution (0.6 m MnCl,).
Migration velocity and direction of various diamagnetic particles (1.5, 3, 6, and 9 um) were
investigated in a sealed capillary tube sandwiched by two permanent magnets. They
concluded that particle migration was affected by magnetic buoyancy force. A device was
then developed to achieve the trapping of diamagnetic polystyrene particles with different
sizes (2.77, 5.87, 9.14 pm).[83] Later on, Watarai et al.[84] developed a square fused-silica
capillary magnetophoretic device to trap RBCs in MnCl, solution (0.1 m). Winkleman et
al.31 demonstrated the trapping of diamagnetic particles and different types of living cells
in a paramagnetic salt solution using a three-dimensional magnetic trap, as shown in Figure
4(b). They also examined the biocompatibility of the gadolinium solution. They also showed
that Gd-DTPA possessed minimal detrimental effect to the viability of both fibroblast cells
(NIH 3T3) and yeast cells (Saccharomyces cerevisia€) at a concentration of 40 mm. Peyman
et al.[26] developed a device to trap particles (10 um) in a paramagnetic salt solution (0.79 m
MnCly). Figure 4(c) shows two pairs of permanent magnets with opposite poles facing each
other, which were used to generate a magnetic gradient to trap streptavidin coated
diamagnetic particles in a capillary. Tarn et al.[>2] developed a simple concentration method
that could achieve simultaneous trapping of diamagnetic and magnetic microparticles with a
100% efficiency in a capillary with a pair of magnets, as shown in Figure 4(d). After
trapping, biochemical assays were examined on the particles to achieve multiple analyses.

4.1.2. Ferrofluid Based Manipulation

Separation: Ferrofluids, which have a relatively high volume magnetic susceptibility and
magnetization under fields generated by permanent magnets, are frequently used as the
carrier medium to separate particles and cells with different sizes. Their working
mechanisms and performance are summarized in Figure 5 and Table 2. Zhu et al.[28]
developed a label-free separation scheme using a commercial ferrofluid (EMG 408 from
Ferrotec Corp., Santa Clara, CA, USA) to separate continuously binary mixtures of
diamagnetic particles (1 and 9.9, 1.9 and 9.9, 3.1 and 9.9 um) in a microfluidic device, as
shown in Figure 5(a). The magnetic field gradient created by permanent magnets in the
microchannel made it low-cost and efficient to conduct size-based separation with a
throughput of 10° particles h'! and close to 100% separation efficiency. Later on, Zhu et
al.[30! ferrohydrodynamically separated Escherichia colifrom Saccharomyces cerevisiae
cells using the same commercial ferrofluid with high throughput (~107 cells h1) and
efficiency (~100%) in a continuous-flow manner. They used a three-dimensional analytical
model to predict cells' trajectories. The simulated cell dynamics agreed well with the
experimental results. Furthermore, they showed this particular commercial ferrofluid was
not detrimental to the viability of both cell types after 2 h of exposure. Recently, Zhao and
Zhu et al.[6%] demonstrated the separation of HeLa cells (cervical carcinoma) and blood cells
in a custom-made biocompatible ferrofluid with a moderate throughput (~10° cells h'1) and
high separation efficiency (> 99%). Liang et al.[%] separated binary mixture of particles (5
and 15 pm) in EMG 408 ferrofluids. Zeng et al.[7] achieved the separation of particles and
live yeast cells in EMG 408 ferrofluids using two offset permanent magnets, as shown in
Figure 5(b). One of the magnets was used to focus particle mixtures into a narrow stream,
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and the other was used to separate them. They examined the effects of flow rate and magnet-
microchannel distance on the particle separation. Separation distance between two particle
streams could be increased by decreasing the flow speed or magnet-microchannel distance.
They also demonstrated the separation of live yeast cells from particles.

Separation of particles and cells in ferrofluids were also achieved using traveling-wave
magnetic fields generated from microfabricated electrodes. Kose et al.[24] used a traveling-
wave magnetic field for particle and cell separation, as shown in Figure 5(c). In their setup,
the spatially-traveling and timely-alternating magnetic field was generated by
microfabricated electrodes embedded at the bottom of a microchannel. The electrodes were
made using a single layer of copper on a printed circuit board. They were then wire bonded
in a pattern that resulted in a 90-degree current phase difference between each adjacent
electrode. The resulting fundamental component of the magnetic field in the channel is a
travelling wave, similar to the travelling excitation over the stator surface in an electric
motor. In their microfluidic system, the flow is static, and the direction of the traveling-wave
was parallel to the moving directions of particles and cells. Depending on their size, the
particles or cells were either trapped or moving continuously, resulting in a spatial separation
in the channel. They demonstrated the separation of bacterial and blood cells with a 95.7%
efficiency, and separation of healthy red blood cells from sickle cells, with an efficiency of
75.2% in a citrate stabilized biocompatible ferrofluid. A similar principle was also applied in
a microfluidic device called a nanocytometer that could separate binary (2.2 and 4.8 um) and
ternary (2.2, 4.8, 9.9 um) mixtures of diamagnetic particles in a commercial EMG 700
ferrofluids by Kose et al.[8], as shown in Figure 5(d). In this case, the direction of the
traveling-wave was perpendicular to the moving particle. As a result, the particles could be
separated in a continuous flow with higher throughput.

Focusing: Zhu et al.[6% developed a microfluidic particle focusing scheme within EMG 408
ferrofluids. Focusing of particles with different sizes (4.8, 5.8, 7.3 um) at various flow rates
was demonstrated, as shown in Figure 6(a). An analytical model was developed in this study
to simulate the distribution of a magnetic field, magnetic force and trajectories of particles
within the device. A three-dimensional diamagnetic microparticle focusing scheme in EMG
408 ferrofluids was presented by Liang et al.[7% Particles were magnetically deflected both
in a horizontal and vertical direction through the cross-section of the channel to form a
focused stream. Ferrofluid concentration, particle size, and flow rate were demonstrated to
have significant effects on particle deflection. They developed a numerical model to predict
microparticle deflection in ferrofluid flows, too. Zeng et al.[’Y] conducted a theoretical and
experimental study on the focusing of diamagnetic particles with diameters of 5 um and
yeast cells in EMG 408 ferrofluids. Two sets of opposing permanent magnets were
embedded into the microchannel to achieve diamagnetic focusing. The effectiveness of
focusing was studied at different flow rates and different particle sizes. Furthermore, cell
viability results demonstrated that this focusing method in ferrofluid was biocompatible with
yeast cells. A simpler setup with only one magnet was used by Liang et al.["?] to focus
particles, as shown in Figure 6(b).
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Trapping and concentration: Zeng et al.[3] presented a simple device configuration that
was used for magnetic concentration of particles and live yeast cells in EMG 408 ferrofluids
flow using attracting magnets, as shown in Figure 6(c). The magnet-magnet distance and
flow rate effects on the concentration of particles were studied. The biocompatibility of this
ferrofluid was also tested, indicating that it had minimum effects on the viability of yeast
cells. Wilbanks et al.[74] investigated the concentration of diamagnetic particles in EMG 408
ferrofluid using an asymmetric magnet configuration, as shown in Figure 6(d). With such a
configuration, they achieved a stronger magnetic force and thus higher ferrofluid flow rate
for continuous particle trapping. Zhou et al.[”®l used a single permanent magnet and a T-
junction microchannel to trap simultaneously and pre-concentrate diamagnetic and magnetic
particles in EMG 408 ferrofluids, as shown in Figure 6(e). Diamagnetic particles
experienced negative magnetophoresis and were trapped in the main channel (T-junction
region). At the same time, magnetic particles experienced positive magnetophoresis and
were concentrated in the branched channel next to the magnet.

Droplet manipulation: In addition to particles and cells, droplets were also manipulated in
non-mixable ferrofluids. Zhang et al.[78] combined magnetic force and flow shear force to
manipulate aqueous droplets based on their sizes within a commercial engine oil-based
ferrofluid in a microfluidic device, as depicted in Figure 6(f). These droplets could be
deflected, split, trapped, released, fused and exchanged for medium to achieve
comprehensive manipulation. Recently, Zhu et al.[77] developed a magnetic-field-assisted
method to generate and polymerize nonspherical particles in a microfluidic device.
Monomer continuous flow phase formed droplets within an aqueous dispersed ferrofluid
phase; they were then stretched or compressed into non-spherical shapes by magnetic fields.

Modeling efforts. Modeling is important for device design and optimization using negative
magnetophoresis principle. Two types of models exist, including analytical models and
numerical models. Analytical models were first developed by Furlani's group to enable
accurate and fast parametric analysis of large-scale magnetophoretic systems.[78] Recently,
Zhu et al.[32] developed a two-dimensional analytical model of microfluidic transport of
diamagnetic particles and cells in ferrofluids. This model took into account important design
parameters including particle size, property of ferrofluids, magnetic field distribution,
dimension of microchannel, and fluid flow rate. The simplicity and versatility of this
analytical model made it useful for quick optimizations of future size based separation
devices. They also validated the model using a microfluidic device. Later on, a three-
dimensional analytical model was developed by Cheng et al.[7% to provide more precise
estimate of dynamics of diamagnetic particles in magnetic liquids. In this model, the effects
of magnetic field and force in the direction perpendicular to the moving particle, and
channel depth, were taken into consideration. As a result, the model could predict three-
dimensional magnetic field and force, hydrodynamic drag force, flow profiles, particle
deflection, particle residual time and particle velocity in simple microfluidic systems. Han et
al.[80] developed a three-dimensional numerical model for the transport of diamagnetic
particles in magnetic liquids. Although the numerical model required higher demand for
computing power and time, it could be applied to a broader range of microfluidic systems
with complex configurations of channels and magnets.
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4.2. Density Based Manipulation

Paramagnetic salt solutions were often used in separating objects with different densities in
static-flow systems. This type of separation is typically referred to as magnetic levitation, or
“MagLev”.[40. 81, 82] Negative magnetophoresis is the driving force behind magnetic
levitation. Objects placed in a paramagnetic salt solution between two opposing magnets
tend to migrate towards and stay at the location of magnetic field minima, which are on the
centerline between the two magnets, as shown in Figure 2(d). Depending on their relative
density to surrounding medium, objects will then relocate along the direction of gravity.
Based on Equation (9), if the objfctsgre denser than the medium (o, > p), a relative
velocity of objects to medium (U~ Uy is induced so that the objects will migrate and reach
an equilibrium height that is below the centerline between magnets. If the objects are less
dense than the medium (o, < py), the objects will float to a location that is above the
centerline between the magnets. If the objects have exactly the same density as the medium
(op = P, they will rest on the centerline between magnets.

Density based manipulation was first utilized in the 1960s as a way to separate minerals,
metals, and plastics from one another when placed in a ferrofluid or a paramagnetic salt
solution.[371 This technology was later expanded in the 1990s to levitate various objects
through the works of Beaugnon and Tournier,[83. 841 Weilert et al.,[8%] and others.[86] These
experiments often relied on large non-uniform magnetic fields to levitate liquids, solids, and
biological specimens. Using the same principles, several components in magnetic liquids
can be separated from one another. Separation occurs when diamagnetic objects placed in a
magnetic liquid have different buoyancy forces acting on them, due to the difference in their
densities. On the other hand, magnetic forces acting upon these objects only depend on their
size, magnetic field, and the contrast of susceptibilities between the objects and the
paramagnetic carrier. If the size and susceptibility of these objects are kept the same,
diamagnetic objects of different densities in the same magnetic liquid can be separated
purely based on their density differences as shown in Figure 7(a).[37]

Density based manipulation has generated a wide range of applications recently. It was used
for education and teaching reaction kinetics,[81 determination of differences among
chemical derivatives,38] protein analysis,[38: 40. 871 food analysis.[82] flow-based separation
in microfluidic devices,[3%] and density determination of cells.[3% 431 The most popular setup
of density based separation is to create a custom fitting device that will hold strong
permanent magnets in place, while a vial is placed in between them. The vial in between the
magnets is filled with a paramagnetic medium so that any diamagnetic object placed in the
vial will experience negative magnetophoresis. The applications of density based
manipulation were summarized in Table 3.

4.2.1. Non-Microfluidic Manipulation—Historically, many magnetic levitation
experiments were performed by creating a non-uniform magnetic field. Beaugnon and
Tournier demonstrated that any diamagnetic organic material could be levitated through such
a method. They achieved such a field by using superconducting solenoids which could create
a field gradient as high as 2000 T2 m™1.[84] Weilert et al.[85] levitated liquid drops of helium
in a similar manner using solenoids. Their experiments demonstrated that drops helium were

Adv Funct Mater. Author manuscript; available in PMC 2017 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 15

able to remain in contact with one another without coalescing. They later attested this
phenomena to the slow evaporation of the helium forming a layer of vapor between the two
drops, thus producing a layer similar to that in the Leidenfrost effect.[88] Most famously,
Berry and Geim used the same solenoid-based magnetic levitation to levitate a frog.[8°]
These experiments demonstrated how a diamagnetic object could be levitated and reach a
stable equilibrium. Nowadays, magnetic levitation can be performed without
superconducting solenoids and requires only a small and inexpensive set of equipment.

Many modern density based manipulation methods follow the previously described setup, in
which a vial is placed in between a custom fitting device with permanent magnets — a non-
flow based method. This is often referred to as magnetic levitation, or “MagLev”. Many
fundamental aspects of magnetic levitation were explored by Mirica et al.[37] One important
characteristic of MagLev is the dependency on size for the time of separation. Larger objects
reach an equilibrium height faster than smaller objects. Mirica et al.[3¢] showed an
application of measuring density over time with MagLev in Figure 7(b). Microsphere solid
support resins containing small molecules were placed into a 650 mm GdCl3 solution. The
small molecule would react with different amine derivatives, affecting the density of
microspheres and their eventual height. Monitoring this change in density over time allowed
for an easy way to monitor reaction progress and to discern compounds. Shortly after, the
same group(®2] developed a new application for MagLev involving food analysis. They
demonstrated that foods with a higher fat content levitated higher than those with a lower fat
content. Benz et al.[81] have used MagLev to aid in teaching reaction kinetics at the
undergraduate level. In a simple MagLev experiment, they reacted leucine covered solid
support resins with various amine derivatives in 590 mm GdCls. Overtime a denser product
formed on the solid support, and by monitoring the levitation height over time, the reaction
progress could be observed.

Another common application of non-flow MagLev is protein analysis. Because many
biochemical studies rely on solid-supported chemistry,[38]1 MagLev proves to be a useful tool
for analyzing proteins using microspheres. Shapiro et al.[38 401 ysed density based
separation to quantify the amount of proteins in solution and to determine binding affinities
of a protein to different small molecule targets.

Tasoglu et al.[9] demonstrated the use of magnetic levitation to create small soft living
material. Hydrogels and cell seeded microbeads placed in 10, 50, or 100 mm Gd3* solution
would tend towards magnetic minima, and as such could be directed to construct a desired
structure. By utilizing the magnetic field created by cheap NdFeB magnets, these living
building blocks can be arranged in almost any desired spatial arrangement without the need
for electricity or physical contact.

4.2.2. Microfluidic Manipulation—Muicrofluidic manipulation follows the same
principle as non-microfluidic manipulation in that a container is placed in a custom fitting
device with permanent magnets; however, microfluidic manipulation works with a much
smaller container and often deals with smaller samples, such as single cells. Winkleman et
al.3%] developed a flow-based microfluidic device capable of separating particles of various
densities, as shown in Figure 7(c). Using this device, they were able to separate particles
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with different densities. Depending on the flow rate, separation time could occur between a
few min and an h. Using a non-flow method, Subramaniam et al.[871 utilized MagLev to
quantify the amount of protein in solution and to perform immunoassays. They used a
density amplified MagLev process that could determine the presence of neomycin in milk
and the presence of several viral antibodies in vitro.

Cellular properties and cellular morphological changes can be analyzed using microfluidic
based density separation. Tasoglu et al.[3%] used magnetic levitation as a method to
differentiate cell types from each another and to monitor cell responses to stimuli, based on
eventual equilibrium heights, as shown in Figure 7(d). Healthy and sickle RBCs were placed
into 10 mm sodium metabisulfite (Na,S,0s) and their equilibrium heights were compared to
each another. Sickle RBCs reached a final equilibrium height that was easily distinguishable
from healthy RBCs, giving an effective method to determine normal cells from sickle cells.
Polymorphonuclear leukocytes (PMNSs) were placed into 30 mm Gd3* and activated with
phorbol 12-myristate 13-acetate (PMA). Activated PMNs would reach a different
equilibrium height from resting PMNs, allowing for morphological monitoring to be
achieved. Cellular densities were determined by Durmus et al.l43] by placing several
different mammalian cells into fetal bovine serum (FBS) with 30 mm Gd3*. Each cell
density was determined in a solution consisting of a single cell type. Average measured
densities of 1.109 and 1.088 g mL"1 were found for RBCs and white blood cells (WBCs),
respectively. It was also determined that this setup for cellular separation, called
“MagDense,” was able to determine the density of colorectal cancer cells to be 1.063
+0.007 g mL1 and 1.084 + 0.012 g mL"L, for HCT116 (colorectal carcinoma) and HT29
(colorectal adenocarcinoma) cell lines, respectively. The authors concluded that MagDense
was a possible method to discern circulating tumor cells from whole blood due to these
density discrepancies, because MagDense had a resolution range of 1104 g mI-1 to
5.5x104 g mLL.

More recently, Knowlton et al.[44! developed a novel setup for magnetic levitation, which
consisted of a smartphone, 3D-printed lens, small capillary tube, and permanent magnets.
The setup used a custom smart-phone application on an Android operating system to detect
different equilibrium heights of particles and estimate their densities. They found that this
apparatus was able to work accurately in a density range of 0.96-1.09 g mL-1, using various
concentrations of gadolinium solution between 25 and 200 mwm, with equilibration times of 6
min or shorter. Using a similar smartphone platform called Sickle Cell Tester, Knowlton et
al.[1] tested RBCs for sickle cell anemia. In this study, they used the same gadolinium
solution varying at concentrations between 25 and 200 mm. After exposing healthy control
RBCs and diseased RBCs to sodium metabisulfite, the diseased RBCs gained a noticeable
amount of density due to experiencing more dehydration and deoxygenation compared to
healthy RBCs. This density discrepancy in turn was recognized by the Sickle Cell Tester,
which allows for a diagnosis to be made. Baday et al.[%] also used smartphone imaging with
magnetic levitation (i-LEV) to perform blood count tests. RBCs and WBCs in a finger prick
aliquot of blood placed in a microcapillary with 30 mm of gadolinium solution were
separated using permanent NdFeB magnets. After 15 min of equilibration time, the custom
smartphone software could analyze the width of the blood band which resulted from the
separated RBCs and WBCs to perform blood counts.
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4.3. Magnetization Contrast Based Manipulation

Equation (9) also shows that the contrast of magnetization between particle/cell and its
surrounding magnetic liquid plays an important role in their dynamics. As the contrast
increases, the magnitude of velocity goes up. This enables exploiting magnetization contrast
between fluids and particles/cells as a manipulation specificity in two different ways. For
example, if there exist two types of particles/cells with magnetizaLions of My and Mjpina
magnetic liquid with magnetization of My, and if Mris between My and Mpp, i.e., when the
condition of My > Mg> My, is met, magnetic force will attract Type 1 particles/cells
towards field maxima while the magnetic force pushes Type 2 particles/cells towards field
minima, as shown in Figure 2(e). In this way, particles can be distinguished and separated
solely based on their magnetizations in a simple microfluidic channel. It should be noted
here that the volume of particles now only affects the magnitude, but not the direction of
magnetic forces. In another example, one can create a concentration gradient of magnetic
liquids in a channel so that particles/cells with magnetizations of M, will naturally migrate
towards the location where M, = Mj, in order to minimize the magnetic force. The final
location of the particles/cells can be used to measure their magnetic susceptibilities.

Corresponding to the first example, ferrofluids was used to create both positive and negative
magnetophoresis in one system. Liang et al.[%2] used a ferrofluid to separate 2.85 pm
diamagnetic particles and 10 um magnetic particles in a T-shaped channel. The
magnetization of this ferrofluid was larger than that of diamagnetic particles, but lower than
that of magnetic particles. As a result, 10 um magnetic particles were attracted towards the
magnet, while 2.85 pm diamagnetic particles were pushed away. Zhu et al.[%3] combined
both positive and negative magnetophoresis in a ferrofluid to separate magnetic and
diamagnetic particles of similar sizes (7-8 um), as shown in Figure 8(b). Moreover, they
chose a ferrofluid with its magnetization falling in between the magnetizations of two
different types of magnetic particles (2.8 um and strongly magnetic; 8.2 um and weakly
magnetic particles) and successfully separated them.

Corresponding to the second example, Kang et al.[%] developed a scheme termed as
“isomagnetophoresis”, where they created a gradient of a paramagnetic salt solution using
Gd-DTPA in a microchannel. The gradient was created so that magnetic particles migrate
towards a location where its magnetization (/\/lp) will eventually balance the surrounding
medium (Mf) e.g., Mp = Mf Diamagnetic particles flowed through this gradient, as shown
in Figure 8(a), and their eventual positions were used to distinguish the extremely low and
close magnetic susceptibilities (~1x1076) of particles with three different materials
(polystyrene, poly(methyl methacrylate), and borosilicate). Later on, Hahn et al.[%] applied
this technology in an isomagnetophoretic immunoassay, where iron oxide nanoparticles
were used as labels on the surface of microbeads to detect concentrations of analytes down
to attomolar levels.

4.4. Biocompatibility of Magnetic Liquids

Both paramagnetic salt solutions and ferrofluids are not natural media for cells to live in. For
cell manipulation, magnetic liquids need to be biocompatible so that cells remain alive and
their functions remain intact during and after the manipulation. A number of studies were
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conducted on understanding and improving the biocompatibility of magnetic liquids, which
are reviewed below and summarized in Table 4.

4.4.1. Biocompatibility of Paramagnetic Salt Solutions—Winkleman et al.[31]
examined the biocompatibility of Gd-DTPA solution on fibroblast cells (NIH 3T3) and yeast
cells (Saccharomyces cerevisiag). At a concentration of 40 mm, Gd-DTPA solution did not
cause cell death within 48 h, and the growth of fibroblast cells was not inhibited. However,
when its concentration was greater than 4 mwm, fibroblast cells in the solution cannot attach to
substrates. Furthermore, they examined the viability of yeast cells in different concentrations
of Gd-DTPA solution. They showed that the cell viability was similar at all concentrations of
Gd-DTPA solution; however, they found that normal cell proliferation was inhibited when
the concentration was greater than 4 mm. A 6-fold cell number reduction was found at 40
mm Gd-DTPA, and 24-fold reduction, at 200 mm Gd-DTPA. Rodriguez-Villarreal et al.[20]
examined the viability of HaCaT cells in an aqueous Gd-DTPA solution over several h. They
concluded that Gd-DTPA in phosphate buffered saline (PBS) solution showed good
biocompatibility for HaCaT cell at a concentration of 39 mw, resulting in a 90% viability
after 3-h incubation. The viability was reduced to 54% after 4 h. Similarly, the HaCaT cell
viability in the 79 mm solution was 87% after 3-h incubation and 44% after 4-h incubation;
however, the cells died immediately when they were exposed to Dulbecco's modified eagle
medium (DMEM) containing Gd-DTPA solution. Kauffmann et al.[% studied the viability
and growth curve of Jurkat cells in the presence of gadobenate dimeglumine (Gd-BOPTA),
gadoterate meglumine (Gd-DOTA) and gadoteridol (Gd-HP-DO3A) contrast agents at
different concentrations. Gd-BOPTA was found to be more toxic than the other two
solutions. They showed showed that more than 50% of cells died within the first day in
Gd-BOPTA solution (100 mm). 30-40% of cells died after 2 days in Gd-DOTA solution
(above 85 mm). The Jurkat cells were able to continue to proliferate normally even at high
concentrations of Gd-HP-DO3A solution (100 mm). More than 80% cell viability was shown
consistently across different concentrations of Gd-HP-DO3A (0, 10, 25, 50, 85, and 100
mm). Durmus et al.[43] examined the viability of JH-EsoAd1 cells (esophageal
adenocarcinoma cell line) in different concentrations of a paramagnetic gadolinium solution
(0, 30, 50, and 100 mm). The cells were directly exposed to DMEM culture medium
containing gadolinium solution. More than 95% of cells were kept alive at all concentrations
of the paramagnetic gadolinium solution examined after 5 days of culture. Their results
indicated that no significant difference in cell viability was observed between a control
group and gadolinium solution group. Cell proliferation profile showed that these cells
maintained their normal proliferation rates even after being exposed to different
concentrations of gadolinium solution.

4.4.2. Biocompatibility of Ferrofluids—As discussed previously, biocompatible
ferrofluids are necessary for live cell manipulation, and progress has been made towards this
goal. For example, Krebs et al.[2%] examined the cytotoxicity of a bovine serum albumin
(BSA) coated ferrofluid on HUVECs (human umbilical vein endothelial cells). A short-term
viability test showed that the cells had above 95% viability after 2-h exposure in this
custom-made ferrofluid. The long-term proliferation results indicated that the cells were able
to maintain normal proliferation after 2-h exposure to this ferrofluid. Kose et al.[24]
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developed a citrate stabilized ferrofluid with a pH of 7.4. The optimum citrate concentration
was determined to be 40 mm to make the ferrofluid biocompatible and stable for blood cells.
They showed that 75% of blood cells remained viable after several hours' exposure. Zhu et
al.[30] examined the viabilities of both Escherichia coliand Saccharomyces cerevisiae in
EMG 408 ferrofluids. They concluded that this ferrofluid possessed minimal detrimental
effects to the viability of both cell types after 2 h of exposure. No significant change was
found in Colony Forming Units (CFU) counts of Escherichia coliand Saccharomyces
cerevisiae between ferrofluids incubation and control medium incubation. Zeng et al.[7]
also tested the viability of Saccharomyces cerevisiae in EMG 408 ferrofluids. They observed
a 10% reduction in the number of cells after focusing tests, compared to the original cell
suspension in medium. Similar viability tests of live yeast cells were also conducted in later
reports.[87. 73] Recently, a water-based ferrofluid was synthesized by Zhao and Zhu et al.[6%]
with its maghemite nanoparticles stabilized by graft copolymer (polymethyl methacrylate-
polyethylene glycol), and a pH of 6.8. Cell viability tests showed consistently 100% viability
for mouse blood cells, and ~90% viability for HeLa cells across different concentrations of
this ferrofluid (0.30%, 0.79% and 1.03% of volume fraction), after 2 h of exposure.

5. Conclusions and Outlook

Although using magnetic liquids to manipulate particles and cells in microfluidic systems is
a relatively new concept, it has resulted in many exciting techniques and applications. Both
paramagnetic salt solutions and ferrofluids have been used as surrounding media in this
“negative magnetophoresis” concept, in order to direct the motions of particles and cells in a
label-free and low-cost manner. Three physical properties of the particles and cells,
including their size, density, as well as magnetization, are currently being exploited as
manipulation specificities for a variety of interesting applications, including separation,
focusing, trapping and concentration determination of particles and cells, determination of
cells' density, and measurement of particles' magnetic susceptibilities.

Future directions of this field could involve optimization of existing techniques, continuous
development of new techniques, and finding new applications for them. Two recent
applications of this concept involve high-efficiency size based sorting of cervical HelLa cells
from whole blood in a biocompatible ferrofluid, (5] and measuring and separating cells of
different densities in paramagnetic salt solutions, 3 43 presenting a preview of the exciting
and immediate future for its application in cell manipulation.

A long-term direction for negative magnetophoresis, which received a lot of attention in
recent years, is the enrichment of circulating tumor cells (CTCs) in peripheral blood. CTCs
are cancer cells that are disassociated from tumors and circulate in the bloodstream. There is
great interest in circulating tumor cell (CTC) enrichment because of the use of these rare
cells in “fluid biopsy”. This accessible “fluid biopsy” would permit noninvasive access to
tumor cells to perform the same molecular assays that were done on traditional biopsies.[®7]
Additionally, changes in the number of CTCs in the blood after initiation of cancer treatment
may help identify whether or not the tumor is responding to the treatment or not. Separating
CTCs from peripheral blood is thus an attractive first step to realize its great potential. It
requires the development of highly sensitive and high-throughput separation technologies
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because CTCs are extremely rare in blood circulation, occurring at a concentration of 1-100
CTCs every 1 billion of red blood cells and 1 million of white blood cells.[%8] Using
magnetic liquids to separate CTCs from blood could be attractive because of its label-free
nature and low cost. CTCs have a much larger size (~20 pm in diameter) than most of the
blood components (red blood cells ~6-8 um in diameter, while the majority of white blood
cells are ~12 pm in diameter). In addition, CTCs have a different density than that of
WBCs.[43] A combination of size and density differences may potentially be exploited in
either paramagnetic salt solutions or ferrofluids for CTC separation, provided that
throughput and separation efficiency of negative magnetophoresis can be optimized to meet
the criteria.

Despite the current progress, biocompatibility of magnetic liquids remains to be a significant
challenge facing this technique before it can be reliably used to manipulate cells. The
biocompatibility of magnetic liquids is critical to preserving cell integrity during the cell
manipulation process. In order to investigate the impact of the process on cell integrity, one
needs to examine both short-term viability and long-term cell functions following the
manipulation. For example, one can examine the short-term cell viability using a live/dead
cell staining method. The operating parameters will have to remain the same as those used in
the realistic manipulation experiments. After processing all of the samples, target cells will
need to be stained to determine their viability. It is also important to examine whether cells
continue to function normally after the manipulation process. Target cells will need to be
cultured, and proliferation of these cells will have to be studied through imaging their
division over time. Other cellular functions, including gene expression and nanoparticle
uptake, may also need to be monitored, depending on the specific application. Only after
such a rigorous study for each cell type, a specific magnetic liquid can then be determined
whether it is truly biocompatible.
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Figurel.

Working principles of positive and negative magnetophoresis and dominant forces. (a)
Positive magnetophoresis — magnetization of diamagnetic particles/cells labeled with
magnetic beads is larger than its surrounding medium; particles/cells move towards the
location of field maxima when a magnetic field is applied. (b) Negative magnetophoresis —
magnetization of diamagnetic particles/cells is less than its surrounding medium; particles/
cells move towards the location of field minima when a magnetic field is applied. (c)
Dominate forces include magnetic force Fm, hydrodynamic drag force Fh, gravitational force
G and buoyancy force ~on a particle in negative magnetophoresis. U, is the velocity of the
particle and Uris the velocity of the medium flow.
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Figure 2.
Schematic working principles of (a) size based manipulation, (b) particle/cell trapping, (c)

particle/cell focusing, and (d) density based manipulation in magnetic liquids. The particle
on the right is denser than the one on the left, while the middle particle has the same density
as it surrounding medium. (e) Magnetization contrast based manipulation. The orange
particle is more mﬁgnetic than the medium, while the green particle is less magnetic than the
medium. U; and U represent the direction and the magnitude of the particle’s or cell's
velocity. Arrow and cross indicates the direction of gravity G. The color map depicts
distributions of magnetic field strength, from maxima Bj;, (orange) to minima B,,;, (blue).
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(b)

Medium flow

Page 28

=

Sample flow

Figure 3.

Schematic representations of size based separation in paramagnetic salt solutions. (a) A
continuous separation of diamagnetic particles in MnCl; solution in a superconducting

magnet. Reproduced from ref.[51 (b) Separation of particles in MnCl, solution using

triangular shaped pole pieces in a capillary. Reproduced from ref.[5% (c) Deflection of
diamagnetic particles by a permanent magnet in a microfluidic system. Reproduced from
ref.[26] (d) Microfluidic separation of diamagnetic particles/cells with a microfabricated
nickel microstructures. Reproduced from ref.[27] Blue arrow in each figure indicates the flow

direction.
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Figure 4.
Schematic representations of size based focusing and trapping in paramagnetic salt

solutions. (a) Focusing of diamagnetic particles in a capillary with a pair of magnets.
Reproduced from ref.[26] (b) Trapping of diamagnetic particles and living cells using a three-
dimensional magnetic trap. Reproduced from ref.[31] (c) Trapping of diamagnetic polymer
particles in a capillary. Reproduced from ref.[26] (d) Simultaneous trapping of diamagnetic
and magnetic particles in a capillary. Reproduced from ref.[52] Blue arrows in figures
indicate the flow direction.
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Figure5.
Schematic representations of size based separation in ferrofluids. (a) Continuous separation

of binary mixtures of diamagnetic particles in a microfluidic device. Reproduced from
ref.[28] (b) Separation of particles and live yeast cells in a ferrofluid using two offset
permanent magnets. Reproduced from ref.[87] (c) Separation of bacteria and blood cells in a
biocompatible ferrofluid using traveling-wave magnetic fields. Reproduced from ref.[24] (e)
Nanocytometry particle sorting device. Reproduced from ref.[68] Blue arrows in figures
indicate the flow direction.
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Figure 6.

Schematic representations of size based manipulation (focusing, trapping, concentration,
droplet manipulation) in ferrofluids. (a) Microfluidic particle focusing in ferrofluids.

Reproduced from ref.[%9] (b) Focusing particles in a ferrofluid flow using a single permanent

magnet. Reproduced from ref.[72] (c) Magnetic concentration of particles and cells using
attracting magnets. Reproduced from ref.[73] (d) Diamagnetic particle concentration in
ferrofluids with an asymmetric magnet configuration. Reproduced from ref.l74] (e)
Simultaneous trapping and pre-concentrating of diamagnetic and magnetic particles in
ferrofluids in a T-junction channel. Reproduced from ref.[”] (f) Manipulation of aqueous

droplets in ferrofluids. Reproduced from ref.[76] Blue arrow in each figure indicates the flow

direction.
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Figure7.
Schematic representations of density based manipulation. (a) Magnetic levitation platform

(“MagLev”) for measuring densities. Reproduced from ref.[37] (b) Magnetic levitation
device used for monitoring solid-supported reactions. Reproduced from ref.[361 (c)
Microfluidic separation of particles with different densities. Blue arrow indicates the flow
direction. Reproduced from ref.[3%] (d) Magnetic levitation based device (“MagDense”) for
determination of cell densities. Reproduced from ref.[39]
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Figure 8.
Schematic representations of magnetization contrast based manipulation. (a) Separation of

magnetic and diamagnetic particles of similar size using both positive and negative
magnetophoresis. Reproduced from ref.[93] (b) Isomagnetophoretic discrimination of
particles with subtle difference of magnetic susceptibility in a paramagnetic salt solution.
Reproduced from ref.[94] Blue arrow in each figure indicates the flow direction.
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