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CHARACTERIZING MAGNETIC PARTICLE TRANSPORT
FOR
MICROFLUIDIC APPLICATIONS

Abstract

Magnetic particles with active functional groups offer numerous advantages for
use in p-TAS (Micro Total Analytical Systems). The functional site allows chemical
binding of the particle with the target species in the fluid sample. Selection of the
functional group establishes the target molecule and vice versa under assumptions of
highly specific biding. The particles hence act as mobile reaction substrates with high
surface to volume ratios owing to their small size. The concept of action at a distance
allows their use as agents for separation in microchannels based on relatively simple
design. It is possible to manipulate magnetic particles and bound target species using an
externally applied magnetic field. Hence, the particles can be effectively separated from
the flow of a carrier fluid. Magnetic fields create dipolar interactions causing the particles
to form interesting structures and aggregates. Depending upon the applied field, the
microstructure evolution of the aggregate is interesting in its own right, e.g. related to
improvements in material properties and bottom-up self assembly. The shape of the
aggregates can be determined a priori if the interaction between the particles is well
characterized. The dominant competing forces that influence magnetic particle dynamics
in a flow are magnetic and viscous. There are a number of physical parameters such as
viscosity, magnetic susceptibility, fluid velocity, etc. which are varied to study their
individual effects.

Initially dilute suspensions are studied experimentally and numerically using a

particle based dynamics approach. Once established, a force model for particle



interaction is proposed for concentrated suspensions. Since the Lagrangian particle
tracking algorithm returns positions of the particles, the proceeding work focuses on
studying the dynamics of these particles.

Thereafter, a mathematical model is proposed for functionalization between
magnetic and non-magnetic particles. Having characterized the collection of magnetic
particles, the effect of relative concentrations is investigated on the collection of the non-

magnetic types.
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Chapter 1: Magnetic Particles, their properties and fundamentals of
manipulation

1.1. Magnetism and Microfluidics
1.1.1. History of magnetism

Magnetism dates back to historic times (Whittaker, 1910). Over the ages, the
concepts of magnetism have time and again been utilized in ever emerging applications
with tremendous success. Today, magnetism is well-known to be coupled with electricity
and prevalent in most aspects of human life. It is a science well developed and
characterized by the Maxwell laws.

1.1.2. Microfluidics

Microfluidics, on the other hand, is a field of scientific research that has only
recently become popular (Gravesen et al., 1993). This is mainly due to the development
in MicroElectroMechanicalSystems (MEMS), which has been a spin-off from the
semiconductor manufacturing technologies (Ho and Tai, 1998). Thus effective techniques
for fabrication of miniaturized features have only recently been combined with
microfluidic fabrication. The modes of generating magnetic fields have evolved
gradually, from using cheap and simple external permanent magnets, to sophisticated
embedding of microelectromagnets during the fabrication process.

1.1.3.  First appearance of microfluidics

The first commercial microfluidic based systems were introduced for life science
applications (Regnier et al., 1999). In particular, microfluidic technologies have been
developed to carry out chemical and biochemical analyses. In biotechnology and
biochemical processing, the need to manipulate fluids moving in narrow channels has

stimulated several new research areas, such as the development of new microfabrication



methods for fluidic systems, implementation of novel components for the assembly of
complex microfluidic devices and the study of the fundamental behavior of fluids in
narrow-bore channels (Whitesides, 2001). Since the introduction of photolithographic
techniques for the fabrication of chemical and biochemical microdevices (Manz et al.,
1992), the number of applications has increased exponentially (Vladislav Dolnik, 2000).
In pharmaceutical and bioanalytical research, components for microdevices have widely
been developed for proteomics, genomics, clinical diagnostics and drug discovery.

1.1.4. Miniaturization

In general there is a movement towards smaller, simpler, smarter devices in most
areas of our lives. Perhaps the most obvious examples are found in the area of electronics
such as cell phones, computers, copiers, printers, and other “information” technologies.
The impact of Personal Digital Assistants (PDAs) and personal laser printers and copiers
is remarkable when considered from the perspective of just 20 years ago. Moreover, these
developments towards miniaturization have been largely driven by developments in the
power and density of integrated electronic circuits (Moore, 1965). Optical elements and
their controls found in bar code scanners, digital cameras, and personal CD players have
followed the same trend of smaller, simpler, and smarter.

1.1.5. Microfluidic chips

As a result, a new technology and a new discipline has made its appearance:
microfluidics. As microfluidic chips become closer in size to the cells and molecules on
which they work, so too must the channels, pumps and valves that manipulate the
solutions of reagents and substrates. A chip intended to handle thousands of micro
quantities of samples must be able to store, aliquot and mix these reagents and then

provide some means of measuring the activity of interest.



1.1.6. Multidisciplinary nature of microfluidics

Microfluidics typically requires a multi-disciplinary approach for building
effective systems through the interface of physics, chemistry, engineering and
biochemistry. With the added advantage of reduced size and weight, these devices are
capable of performing sample handling with an efficiency paralleled by laboratory scale
analytical devices. Flow and reaction channels are of the order of ten’s of microns. The
reduced size of the system implies reduced sample sizes (of the order of nanoliters or
less) and warrants reduced sampling time (Greenwood and Greenway, 2002). Typical
analytical microdevices are glass-, silicon- or polymer-based planar chips ranging in
overall size from the millimeter to the centimeter scale with individual structures (e.g.
separation channels) at the micrometer scale.

1.1.7. Advantages of magnetic field over electric field

Electric fields have previously been utilized in microfluidic applications, such as
capillary electrophoretic separations, electroosmotic pumping and dielectrophoretic
trapping (H. A. Stone, 2001). Magnetic fields, however, were initially employed
relatively rarely, despite the great advantages they could offer. For example, objects
inside a microfluidic channel can be manipulated by an external magnet that is not in
direct contact with the fluid. Target molecules can be isolated from a sample by attaching
them to small magnetic particles which are then recovered using an external magnetic
field. In contrast to electric manipulation, magnetic interactions are generally not affected
by surface charges, pH, ionic concentrations or temperature.

1.1.8. Fusion of magnetism and microfluidics

The fusion of Magnetism and microfluidics thus has been relatively recent. The

potential of conveniently incorporating particulate nature in the relatively calm Stokes



flow of microchannels is no longer a daunting challenge, liable to blocking the channels.
The basic structure of the magnetic field remains as it was long ago; however, the
generating magnets and electromagnets are now more realistically feasible than ever
before in a variety of sizes and shapes.

Microfluidic researchers have been somewhat reluctant to place objects such as
magnetic particles into microchannels. Furthermore, ‘useful’ magnetic microparticles
functionalized with antibodies or other biomolecules have only become off-the-shelf
products in the last few years.

The avenues created by this fusion have been all-pervasive in a variety of fields,
not only limited to physics and engineering. In fact, one of the first applications of
magnetic particles was in clinical biosciences, even before microchannels first made their
appearance. Magnetic particles have been used as chaperones to manipulate other non-
magnetic objects through their surface chemical interactions and subsequent magnetic
collection.

Some new applications stemming from this fusion include pumping and mixing of
fluids, as well as the incorporation of switches and valves into lab-on-a-chip devices
(Pamme, 2006). Magnetic forces are used for transport, positioning, separation and
sorting of magnetic as well as non-magnetic objects. Bio-assays have been performed on
the surface of magnetic particles trapped inside a microchannel. More recently, on-chip
detection techniques based on magnetic forces have been investigated and basic research
of magnetic behavior, not possible on the large scale, has been undertaken in the confined

space of microchannels. The theme of the following chapters will develop upon some



experimental and numerical approaches to systematically characterize the behavior of
these magnetic microparticles when used in microfluidic environments.

1.2. Motivation

The use of superparamagnetic iron oxide nanoparticles is interesting in its own
right for a number of reasons. These particles have no residual magnetism upon removal
of the magnetic field. With no magnetic memory, the particle motion is highly
predictable. This is an advantage, especially in complicated processing methods (Gould,
2004).

Another advantage of action at a distance allows their use in microchannels with
relatively simple design. It is possible to manipulate the particles using an external field.
Hence, the particles may be effectively separated from a carrier fluid which otherwise
flows steadily. This allows using reagents from various sources, directed to the site, as
needed by the process while arresting the motion of the particles with a magnetic field.
Further, as mentioned previously, due to low residual magnetism, the particles readily
redisperse into the flow upon removal of the field. Motion of an ensemble of magnetic
microspheres in a microfluidic channel can also be controlled in a manner that the
particle-fluid hydrodynamic interaction augers mixing.

The inherent benefits offered by magnetic handling includes: reduced reagent
costs, elimination of labor intensive steps, easy automation, high purity and decreased
processing time compared to conventional methods.

1.3. Background
1.3.1.  Structure of particles and their conventional applications

Micron sized magnetically responsive particles generally consist of nanometer

size (fine) particles distributed through a non magnetic matrix. Figure 1.1(a) is a



schematic view of such magnetic particles, where fine magnetic nanoparticles are
encapsulated in a supporting matrix to form the composite microparticle. In biological
applications the matrix is composed from inert organic polymers, silica, or ceramics. The
role of this matrix is not only to assemble the particle core, but also to protect the
magnetic nanoparticles against the external environment influences such as oxidation.
Moreover, in view of biological use, the matrix material must present the desired surface
chemistry that allows, for instance, coating the particles’ surface with specific affinity
biomolecules. Selection of the functional group establishes the target molecule and vice
versa under assumptions of highly specific binding. These functional groups are shown as
surface extensions in the schematic of Figure 1.1(a). The particles act as mobile reaction

substrates with high surface to volume ratios owing to their small size.

(a) (b)

Figure 1.1: (a) Structure of a magnetic microparticle. (b) SEM micrograph 3 um size particles

The magnetic nanoparticles are frequently composed from magnetic iron oxide
and are in the 1-100 nm size range. Magnetite y—Fe’0*, or more complex alloys
MnFe?0* or (MO)n-FezO3 (where M represents another component such as Co, Li, Zn, Ni
etc.), represent a well-known and important class of iron oxide materials(Sun et al.,

2004). The particular interest in this class of materials originates from their easy synthesis



and mass production potential, as well as from the possibility to control the magnetic
properties by adjusting the molecular composition. The nanoparticles are generally
produced in aqueous suspensions, called ferrofluids or magnetic fluids. The particles are
covered with a shell of surfactant molecules that will stabilize the suspension and hinders
the particles from flocculation and sedimentation. The present technology allows the
realization of substantially monodisperse (less than 10% dispersion) and highly stable
ferrofluid suspensions (Liu et al., 2000, Kang et al., 1996). Figure 1.1(b) is a SEM
micrograph showing monodisperse magnetic particles of 3 pm diameter (from Kisker
Biotech), composed of magnetite dispersed in a polymer matrix. The nanostructure
composition of magnetic microparticles leads to new properties and functions that are not
achievable in simple bulk materials (Koneracka et al., 1999).

1.3.1.1. Biological applications

In the field of biochemistry and biomedical diagnostics, magnetic particles with
bioactive coatings play a dominant role in the preparation, separation and detection of
biological molecules (such as DNA and proteins) because of their advantageous
characteristics, which makes them highly efficient in mild operating conditions (Safatik
and Safatikova, 2002). The first characteristic is related to their controllable size, ranging
from a few nanometers up to tens of nanometers, which places them at dimensions that
are smaller than or comparable to those of a cell (10 — 100 um), a virus (20 — 450 nm), a
protein (5 — 50 nm) or a gene (2 nm wide and 10 — 100 nm long).

1.3.1.2. Drug discovery/nucleic acids exploration

Magnetically responsive particles are used as a magnetic solid-phase support for
tagging and carrying target biomolecules. The main application area of magnetic

separation in drug discovery and diagnostics is sample preparation including high



throughput genome isolation for sequencing or polymerase chain reactions to carry out
genotyping (Hawkins et al., 1997). For instance, the separation of nucleic acids from the
complex mixtures in which they are often found is necessary before other processes like
sequencing, amplification, hybridization and detection. The presence of large amounts of
cellular or other contaminating material like proteins in such complex mixtures often
impedes many of the reactions and techniques used in molecular biology. After an
incubation time, the target nucleic acids are bound onto the surface of the magnetic
particles. The particles/nucleic acids complex is then separated magnetically from the
liquid solution.

Magnetic particles are now increasingly used as carriers for binding proteins,
enzymes and drugs (Schuster ef al., 2000). They have been used for various immuno-
assays including fluorescence or enzyme immunoassays (Yazdankhah et al., 1999). In
these assays, magnetic particles with primary or secondary antibodies are used for
separation and quantification of antigens. Nowadays, the use of magnetic particles for
cell separation has become a very popular method in cell biology (Safarlk and
Safarlkova, 1999). The general approach involves the use of paramagnetic particles
coated with antibodies against the specific target cell surfaces. For instance, magnetic
particles are proving to be an extremely efficient sampling tool in the detection and
removal of circulating tumor cells from peripheral blood (Udo Bilkenroth, 2001,
Luxembourg et al., 1998). In such immunomagnetic cell separations, both positive and
negative selection can be performed. In case of positive selection targets, cellular subsets
are magnetically labeled and subsequently separated, while negative selection involves

target purification by removing all other contaminating cells.



1.3.2. Magnetic characteristics

Instead of the ferromagnetic behavior observed in bulk magnetic materials, the
nanometer magnetic composition of a magnetic particle can lead to the apparition of a
superparamagnetic behavior (Ganguly, 2005). The latter is characterized by the fact that
the particles do not retain any magnetism after removal of the magnetic field. This feature
is very important since it permits an easy magnetization using an external magnetic field
and a redispersion that prevents the agglomeration of the particles after the magnetic field
is removed.

Another issue in manipulating magnetic particles at the micro-scale is the
agglomeration of the particles. For instance, manipulating magnetic particles in a liquid
flow microchannel necessitates a continuously applied high magnetic field and magnetic
field gradient. In such conditions, the particles being superparamagnetic, agglomerate
affecting the system behavior.

1.3.2.1. Field Effects at the microscale

When utilizing external magnetic fields, the particles and the soft magnetic
structures of the channel are magnetized. The latter thereby provide local magnetic field
gradients that lead to the capture of the magnetic particles. This is similar to the high
gradient magnetic separators (Dijkhuis and Kerkdijk, 1981) (HGMSs) used for large
scale magnetic separation, which comprise a separation column filled with a steel wool
matrix in a large external magnetic field. However, a significant difference to large scale
HGMSs is that in most microsystems the magnetic material is located outside the
separation channel and thus not in direct contact with the fluid sample. The magnetic
forces due to microscopic magnetic structures are inherently short-ranged. One solution

to overcome this limitation has been to integrate systems for magnetic separation with



microfluidic mixer structures that force the particles closer to the magnetic structures
resulting in substantial improvements of the capture efficiency.

1.3.2.2. Magnetism

Magnetic fields are produced due to electric current. For a solenoid of length / and
having n turns that carries a current / through the conductor the magnetic field inside the
coil (having n/l turns per unit length and air or vacuum in its core) is represented by
B=ponl/l along the axis of the coil. The quantity n/// is purely a function of the coil
geometry and the current, and is denoted by the variable H(A/m). The introduction of a
magnetizable material inside the solenoid enhances the magnetic field. This happens
because the H produced by the current carrying coil induces a magnetic dipole moment
M per unit volume in the material, and it adds to H to produce the magnetic field
B= (M + H). M=(m/V,,) is the induced magnetic moment density of the material, V,
being the material volume. For a linear homogeneous and isotropic material the
relationship between M and H is linear and given by:

M = ynH (1.1)

where ¥, is a function of [H|, material property, and temperature, and is called
the magnetic susceptibility (or simply the susceptibility). Thus, the magnetic field inside
a material can be represented as
B = po(1 + ym)H (1.2)
H = popH (1.3)
where [y = 4nx10—7 Henry/m, ym is a material dependent quantity, called the
magnetic susceptibility and where y, is the relative magnetic permeability of the medium.

Static magnetic fields as described by the Maxwell equations are represented as

10



VxM=0=>VxH=0 (1.4

V-B=0=>V-H=0 (1.5)

In the absence of an external magnetic field, the individual particle dipoles are
randomly oriented due to thermal agitation. However, upon application of H, individual
particles experience instant magnetization inducing the alignment of the thermally
disoriented magnetic moments of these particles along the induced H.

In ferromagnetic materials, however, the relationship between the three vector
fields H, B and M is generally non-linear and history-dependent. Therefore, simple
relationships such as those of Eq. (1.2) and Eq. (1.3) are not justified. In this case, the
material is characterized by a magnetic hysteresis loop, as shown in Figure 1.2.

B

~ = Iin

7‘

Figure 1.2: Hysteresis behavior of a ferromagnetic material (Becker, 1982)

A hysteresis loop is characterized by the coercive field H., the remnant
(spontaneous) magnetization B,, and the saturation magnetization B (the maximum

magnetization of a magnetic particle in a strong field).
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1.3.3. Hysteresis

An important effect to emphasize in magnetic particle behavior is the size effect
on the hysteresis shape. Figure 1.2 presents the qualitative behavior of the coercivity of
nanoparticles as the particle size changes. In large particles (of the order of a micron or
more), energetic considerations favor the formation of domain walls which results in a
multi-domain structure of the particle (Koneracka et al., 2002). In this case, a small field
is sufficient to move the domain walls, which explains the relatively low coercive field.
As the particle size decreases, the formation of domain walls becomes energetically
unfavorable and the particle shows a single domain structure. In this case, any change of
magnetization can only occur through coherent spin rotation, an operation that

necessitates generally a larger magnetic energy.

B

Figure 1.3: Hysteresis-free B-H curve for superparamagnetic particles (Becker, 1982)

As the particle size continues to decrease, the thermal energy becomes of the
same order as the magnetic energy, so that the spins are increasingly affected by the
thermal fluctuations (Kittel, 1946). At this scale (of the order of tens of nanometers or

less), where the spin of the particle is free to fluctuate in response to thermal energy, the
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coercive field is substantially equal to zero, leading to an anhysteretic, but still sigmoidal,
B—H curve as shown in Figure 1.3. Such behavior, related to the nanosized structure of
the particles, is termed as superparamagnetic behavior (Brown, 1963).

Since the nanoparticles immobilized in the non magnetic matrix show
superparamagnetic nature, magnetization of the particles and the ferrofluid bulk obey the
Langevin’s formula

M| = Mgp(cot(a)-1/ o) (1.6)
where ¢ is the volume fraction of magnetic particles in the fluid, Mg, the bulk
saturation magnetization of the particle material and o is the Langevin parameter, which

1s defined as follows

4Tca3 HOMsat H|
o=

3 kT

(1.7)

Figure 1.4 and Figure 1.5 present the behavior of saturation of a

superparamagnetic particle with varying size and volume fraction respectively.
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Figure 1.4: Effect of particle size on saturation magnetization as predicted by the Langevin equation
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Figure 1.5: Dependence of particle magnetization on the applied magnetic field and the volume fraction of
magnetite, calculated using Langevin function. The parameters considered were: M, = 450,000 Am-1, d; =
10nm, K, = 1.38x10-23JK™", T= 300K and p,=107 Hm™
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1.3.4. The composite microparticle

The previous analysis shows that the underlying physics of nanocomposite
magnetic particles is determined by the domain size effects. For single domain
nanoparticles, the magnetic behavior is mainly related to the energy ratio p = K,V /kgT
between the magnetic barrier energy of spin reversal E;, = K,V and the thermal energy
Er = kgT, where K, is the magnetic anisotropy, V the volume of the particle, kg
Boltzmann constant and T the temperature (Verdes et al., 2002). The magnetic properties
dependence on P can be more empirically expressed by a characteristic temperature,
called blocking temperature (Tg), below which B > 1. Below this temperature, the spin of
the fine particles will not fluctuate (be blocked) and the microparticle will present the
classical ferromagnetic hysteresis behavior of Figure 1.2. This temperature depends
obviously on the fine particles size but it can also be affected by their concentration
within the matrix and the interparticle interactions.

For weakly interacting particles within the matrix, the magnetic induction of the
microparticles is the sum of the magnetic inductions of the nanoparticles of which it is
composed. Having a large volume fraction (o) is, therefore, crucial to obtain particles
with a good magnetic response (large susceptibility) to an external magnetic field. With
current fabrication technologies, a volume fraction around 50% is achievable.

Another factor that considerably influences the microparticles’ susceptibility is
the demagnetization effect. Roughly, this effect is related to the self-generated magnetic
field in the surrounding space, which has a tendency to demagnetize the microparticle.
Due to this effect, the magnetic particles will have an effective magnetic susceptibility
given by

et =Ym(1 + Na Ym) (1.8)
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where ym = (0B/OH|H=0) is the magnetic susceptibility of the composite particle
and Ny the demagnetization factor, equal to 1/3 for a spherical particle . As a result, the
magnetic susceptibility of the microparticles is generally small, and y < 1 for

superparamagnetic particles.

1.4. Forces on a magnetic particle
1.4.1. Magnetic forces

The magnetic force is obtained using an “effective” dipole moment approach
where the magnetized particle is replaced by an “equivalent” point dipole with a moment
m. For magnetic particles that are diluted in a non magnetic suspension such as pure
water, one can approximate equation 1.6 by considering yes < 1 and therefore p, = 1.

Frn=(m-V)B (1.9)

It is interesting to emphasize in equation (2.9) the role played by the magnetic
field gradient (V B) which will attract the magnetic particles to the regions where the
magnetic field is higher. The higher the value of this gradient, the more the force exerted
on the particle is important. This fact is the basis of magnetic particle manipulation for
various applications.

Forces in a force field such as electric or magnetic are short range forces. For
instance a charged particle in an electric field experiences a force that decays as 1/r*. On
the other hand magnetic forces diminish rapidly as 1/r’. It is evident that the magnetic
dipole-dipole interaction is proportional to 1/r’. As the interparticle separation increases,
this effect rapidly decreases (but here r denotes the distance between two magnetic
particles). It is clear from this discussion that magnetic forces are much stronger at the
microscale than at larger scales, making magnetic applications attractive for microscale

or microfluidic applications.
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Using the analytical expression for magnetic body force on an isolated single
particle in Eq. 1.10, using parameters typical of microfluidic environments, we get Fy, ~
10"°N.

1.4.2. Viscous force on a particle

Fluid flow in small channels exhibits different behavior from that at the
macroscopic scale. There are several excellent comprehensive reviews on fluid
mechanics in micro/nanoscale (Lofdahl and Gad-el-Hak, 1999, Stone et al., 2004, Squires
and Quake, 2005). The Reynolds number (Re) is the most often mentioned dimensionless
number in fluid mechanics. The Re number, defined by pUL/u, represents the ratio of
inertial forces to viscous ones. In most circumstances involved in micro- and
nanofluidics, the Re number is at least one order of magnitude smaller than unity, ruling
out any turbulence flows in micro/nanochannels. Microfluidic channel dimensions
typically range from 1 to 1000 mm in width and height. Frequently, only one channel
dimension is within that range; this is sufficient to provide laminar flow characteristics.
Inertial force plays an insignificant role in microfluidics, and as systems continue to scale
down, it will become even less important. For such small Re number flows, the
convective term of Navier—Stokes equations can be dropped. Without this non-linear
convection, simple micro/nanofluidic systems have laminar, deterministic flow patterns.
They have parabolic velocity profile in pressure-driven flows, plug-like velocity profile
in electroosmotic flows, or a superposition of both. One of the benefits from the low Re
number flow is that sensitive material can be transported easily without shearing in lab-

on-a-chip devices. It is worth noting, however, that other mechanisms, such as capillary
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effects, viscoelasticity, and electrokinetic effects may complicate the flow phenomena
since their non-linearity increases in small scales (Squires and Quake, 2005).

For laminar flow the exact solution for flow is given by the infinite Fourier series
summation resulting from solving the pressure Poisson equation (Ichikawa et al., 2004).
The velocity distribution in a cross section of the rectangular channel with the boundary

condition of =0 at y=+h/2 or z=+w/2 as

u, (,2)= (Ghz ]i%i N Cosh{(h

cos[(szrl)ﬂz}iA (.11
871

The resulting velocity profile across the cross section of a microchannel is shown

in Fig. 1.6.
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Figure 1.6: Velocity profile in the cross section of a channel with a large aspect ratio. The color bar
represents a normalized velocity being highest in the central section and rapidly diminishing only close to
the edges.

The concept of magnetic manipulation consists of the use of magnetic force to
separate or to transport magnetic particles suspended in a liquid. Efficiently manipulating
magnetic particles is, however, not easily realized, since the magnetic force must
overcome the hydrodynamic drag force imposed by the surrounding liquid. In the case of
a spherical magnetic particle, the viscous drag force is given by (Happel, 1983)

Fq= 6mna (up-u,) = 6mmaAv (1.12)

18



where 1 is the viscosity of the fluid (water in our case), a is the radius of the
magnetic particle and v¢ v are the velocities of the surrounding fluid and the particles
respectively.

1.4.3. Scaling of some other forces in comparison with F,, and F4 and assumptions

The possible short-range interactions between particles (double-layer and entropic
repulsion, London—van der Waals interaction, adsorption or chemical bridging) have been
neglected in this study because they are negligible when compared with the strong
magnetic interactions taking place during the aggregation process (Kleef, 1984).

Other forces commonly encountered in particle flows are gravity, added mass,
and Brownian effects. We shall show through scaling analysis that in the present
scenario, magnetic and viscous forces are the dominant forces. The other forces are
insignificant in comparison.

1.4.3.1. Gravity

For a 1 um diameter microsphere, the particle drag force = 8.4 pN with a fluid
viscosity of 0.00089 Pa-S and a relative particle velocity of 1 mm/s. The gravitational
force = 0.004 pN (assuming p,=1800 kg/m® and p=1000 kg/m’) is negligible in
comparison. The downward velocity of a reference particle through fluid is about 4x10”
m/s, or two to three orders of magnitude less than the magnetically driven motion.
Gravity does become important with larger particles.

1.4.3.2. Diffusion
Typically the diffusivity of water soluble molecules (e.g., dyes or ions) is ~10”

m?/s. For larger particles that have a 1-10 um diameter (e.g., microparticles) D ~ 10™°-10"
'* m%s, and their corresponding diffusion time ~ 10’-10® s. Diffusion of particles of this

size is insignificant. The Nernst—Einstein relation predicts a diffusion constant (Warnke,
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2003) of 5.4x10”cm?/s. This value yields diffusion fluxes approximately six orders of
magnitude lower than the flux resulting from the magnetic force.

1.4.3.3. Brownian effects

To investigate the importance of Brownian effects, we consider the dimensionless

dipole strength

- @y Hy
Ok,T

(1.13)
which compares the magnetic energy interaction between the particles (where a is
the particle radius and y is the magnetic susceptibility) in an external magnetic field (Ho)
to the thermal energy. For instance, for a suspension of particles with @ = 0.5 um, y = 0.1
subjected to a field strength Hy = 2000 A/m at room temperature, 4 = 100>>1. In this
case, the magnetic interactions between particles greatly exceed the thermal energy, so
Brownian motion does not play a significant role. When the magnetic field strength
decreases and approaches zero, the factor A becomes lower and consequently the thermal

Brownian motion will dominate the magnetic interaction, initiating resuspension.

Additionally, the characteristic Brownian walk is given by

nd oy T

=V 6 (1.14)
3zn

The characteristic walk length turns out to be on the order of 100 nm. This is
negligible in our case where the particle size itself is O[3] larger than the Brownian walk.

Eq. 1.13 compares the effects of Brownian motion with viscous stabilization.
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1.4.3.4. Inertia

The particle inertia force can be likewise neglected for the small particle mass
(~0.94 pg) unless the particle acceleration exceeds an improbably large wvalue
(~1000m/s%).

When the magnetic field is turned on, the particle will accelerate, since the
viscous drag force Fy4 is smaller than the magnetic force Fy,,. When the velocity reaches a
critical value for which the magnetic (2.9) and hydrodynamic forces (2.10) are equal, the
particle (with magnetic volume Vy, = (4/3) na’) will move with a constant velocity: Av.
Since particle motion within the fluid reaches equilibrium almost immediately, the
magnetic force on the particle is equal to the force exerted by that particle on the fluid.

1.5. Conclusion

These physical properties of magnetic particles offer many potential applications
and enable new features in the fields of biology, biotechnology and other bio-medical
disciplines (Grady, 2002, Jiles, 1991). The fundamental underlying physics of magnetic
particles in liquids have been discussed in this chapter. Further details, covering different
aspects of the subject, can be found in one of the many extensive textbooks and review
papers (Morrish, 1965). In addition, contemporary bench-top applications are listed.

In microfluidic environments, these magnetic microspheres offer a viable option
for MEMS based biosensors by miniaturizing the above listed techniques.

1.6. Thesis organization

After a brief introduction to the structures and physics of magnetic microparticles,
Chapter 2 discusses magnetic separation and the various methods associated with it.
Chapter 3 presents results pertaining to investigating dilute suspensions. Treating dilute

suspensions as a suspension of non-interacting isolated particles, a parametric
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investigation reveals their dynamics in a Stokes flow. The proposed model for a point
dipole is studied in comparison with experimentally obtained particles trajectories.

Inter-particle interactions are included in the dynamical mode in Chapter 4. The
presence of a magnetic entity in a magnetic field distorts the field locally. This lays the
basis for magnetic interaction between particles. Results obtained from a numerical
analysis are presented in comparison with experimental separation in a microcapillary.

In Chapter 5, a mathematical model is presented for functionalization and
interaction between magnetic and non-magnetic particles. The collection of target species
is characterized numerically.

Chapter 6 concludes the thesis with sections on current trends, societal impacts

and recommendation for future work.
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Chapter 2: Magnetic Separation

2.1. Magnetic Separation

Magnetic particles can be manipulated using an external magnetic field,
independently from the motion of the surrounding biological liquid. In fact, when
subjected to an external magnetic field, magnetic particles acquire a strong magnetic
moment that effectively reacts to an external magnetic field gradient. The principle of
operation of magnetic separation devices is the interaction between magnetic forces and
competing gravitational, hydrodynamic, and interparticle forces within the magnetic
separator.

2.1.1. Industrial separation

For a long time, magnetism has stood out as an interesting and important driving
force to separate and manipulate magnetic components from non-magnetic components
within a mixture (Oberteuffer, 1974). Enrichment of low grade iron ore, removal of
metallic impurities from large volumes, waste water treatment or removal of weekly
magnetic impurities from kaolin clay are typical examples of industrial applications of
magnetic separation.

2.1.2. Clinical Separation

Since the 1980’s, magnetic separation techniques found potential applications in
the bioscience fields (Olsvik et al., 1994). The idea consisted of using magnetically
labeled biochemical components for the purification and the extraction of target
biomolecules using a high external magnetic field gradient. To achieve these goals,
spherical magnetic particles (also termed as magnetic particles) with bio-active surface

coatings were used to capture (or to tag) a specific biological entity on a magnetic
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particle surface. Subsequently the complex magnetic particle/target biomolecule would
be manipulated using an external magnetic filed. The technique has been shown to be
efficient for the isolation of certain cells, bacteria and viruses from fluids such as blood,
and this principle has found several clinical applications. Subsequent to the enrichment
process, identification is then accomplished by routine optical methods. Thus, magnetic
separation techniques for biomolecules manipulation have enjoyed a great resurgence of
interest and have become widely used in biology and other bio-medical disciplines.

2.1.3. Modes of Magnetic separation

Achieving separation is not easily realized since the magnetic force must
overcome the hydrodynamic drag force imposed by the fluid. Magnetic separation
devices are composed from an arrangement of permanent magnets or electromagnets in
proximity with the fluid handling parts. A variety of magnetic separators have been
proposed that can take the form of very simple particle concentrators composed of a test
tube manually brought in the proximity of a permanent magnet, to very complicated and
expensive automated devices. Available solutions can be divided in two categories,
namely batch and flow-through magnetic separators.

2.1.3.1. Batch-type magnetic separators

Batch-type magnetic separators are usually made from strong rare-earth
permanent magnets that are brought in proximity with a test tube containing a liquid
solution to cause attraction and aggregation of particles at the tube wall followed by
removal of the liquid. Some separators have a removable magnet plate to facilitate easy
washing of magnetic particles. Test tube magnetic separators enable separation of
magnetic particles from volumes ranging approximately from 5 pl to 50 ml. However, as

the sample volume increases, the separation and accumulation of the particles becomes
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slow and difficult. The first issue in magnetic separation is the generation of a high
magnetic field and magnetic field gradient extending over the active (test tube) zone. This
is a difficult task to achieve in a large volume. The separation velocity of the magnetic
particles decreases with the increase of the distance between the magnetic poles.
Separation becomes increasingly inefficient as the sample volume (fixed by the volume
of the internal space formed by the magnets arrangement) becomes larger.

2.1.3.2. Flow-through magnetic separators

A flow through-based magnetic separator system is often preferable to increase
the separator efficiency for large liquid volumes, as it offers the possibility of
continuously pushing the sample through a relatively "small" region with a magnetic field

gradient.

Figure 2.1: Schematic diagram of flow-through separation

The latter must be strong in order to overcome the drag force imposed by the flow
carrying the magnetic target. For this purpose, a series of permanent magnets may be
arranged along the channel as a source of a high radial magnetic force that will attract the
magnetic target toward the channel walls. Moreover, flow-through systems have been
demonstrated to be efficient solutions for the separation of magnetic substances based on
differences of their magnetophoretic mobility (Moore et al., 2001). In this case,

separation is achieved by a differential migration of magnetically susceptible species
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across the flow streamlines. This concept is exploited in a process known as ‘fluid flow
fractionation’, in which the fluid is split at the outlet into fractions containing tagged cells
or proteins with differing magnetophoretic mobilities (Hoyos et al., 2000).

The flow in the channel in Figure 2.1 carries magnetic substances (black circles)
that will be deviated and captured by the magnetic force generated by the magnets, while
the non-magnetic substances (white circles) continue to flow freely in the channel. There
are three electromagnets placed along length of the channel.

2.2. Related work

Many areas in microfluidic applications involve manipulation of particles in a
controllable manner. In the design of microscale devices for cell sorting, cell analysis or
cell removal from a sample, it is important to predict the motion of the individual
particles in response to the local flow conditions. For this purpose, various principles and
methods have been developed in microsystems, such as the optical tweezers (Furst,
2005), electrokinetic methods (Binyamin et al., 2003), acoustic means and
dielectrophoresis (Ravula et al.).

More recently, focus has shifted toward fabricating self-assembled structures
using paramagnetic particles carried by liquids in microchannels. Simulation of such
particulate microflows could play an important role in the development and active control
of dynamically reconfigurable self-assembled structures.

In order to determine the mechanics of paramagnetic microparticles it is desirable
to characterize the particles and the forces that act on them. In the absence of a magnetic
field the particles form a colloidal suspension, stabilized against permanent aggregation

by addition of surfactants or surface treatment of the particles. Brownian motion tends to
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disperse the particles but they aggregate to form aggregates once a magnetic field is
applied.

The behavior of particles interacting through induced magnetic fields is complex
and their dynamics are not well understood. For example, the long-range nature of the
particle interaction can persist even when they form chains or columns. While there has
been some progress toward understanding the dynamics of magnetic chains and columns,
a majority of the studies have focused on empirical curve fitting. Experimental imaging
has shown (Ivey et al., 2000) various microstructure formation depending upon applied
field. There is an abundance of experimental studies (Furst et al., 1998) conducted to
characterize the dynamic behavior of these particles with regards to changes in
experimental operating parameters.

Previous experimental work in systems subject to external rotating magnetic
fields (Helgesen et al., 1990, Meakin and Skjeltorp, 1993) demonstrate that these systems
may show a very rich dynamics depending on parameters, such as the amplitude and
frequency of the rotating field, and the viscosity of the carrier fluid. Video microscopy
shows (Melle et al., 2003) a crossover Mason number (ratio of viscous to magnetic
forces) above which a rotating field prevents the particle aggregation to form chains.
Models of dynamic collision have been proposed based on experiments performed to
study effects of viscous dissipation and the increased pressure in the interparticle gap as
compared with dry collisions (Yang and Hunt, 2006).

Existing models for predicting influence of the dipole-dipole interaction on the
dynamics of monodispersive ensembles of magnetic nanoparticles have been studied by

Monte Carlo simulations (Andersson et al., 1997, Satoh et al., 1996). A continuum based
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model (Warnke, 2003, Grief and Richardson, 2005, Christian Mikkelsen, 2005) provides
bulk properties of the fluid flow but lacks information on individual particle dynamics.

Simplistic Stoksian dynamics simulations have been conducted but are limited in
either geometry (Liu et al., 2005) or in the complexity of the applied field. Other studies
have focused on studying isolated (Furlani, 2007) particles hence missing the dynamics
of interparticle interactions.

2.3. Challenges

Manipulating magnetic particles within a microsystem is one part of the arduous
effort toward the miniaturization of biochemical analysis. The use of particles in
microfluidic systems further increases the chemical interaction area per unit volume in
surface-based biochemical assays. At the same time, it allows down-scaling of
conventional analysis techniques to the micron scale. The issues of microscale
manipulation of magnetic particles are mainly related to both the integration of magnetic
inductive components within the microfluidic circuits and the generation of a well
controlled magnetic field and magnetic field gradient. The simplest magnetic particle
handling system is achieved by simply placing an external magnet or an electromagnet in
proximity with a microfluidic chip. However, an effective control and manipulation of
magnetic particles on a small scale requires a local control of the magnetic field and
magnetic field gradient. These conditions are hardly achieved by using a simple external
permanent magnet or electromagnet, and the integration of magnetic "micro-inductive
components" within the microfluidic systems seems to be necessary to achieve a more
accurate manipulation of magnetic particles.

Miniaturization, in conjunction with integration of multiple functionalities can

enable the construction of structures that exceed the performance of traditional
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macroscopic systems, can provide a plethora of new functionalities and offer the potential
of low-cost mass production (Jensen, 2001).

2.4. Thesis motivations and objectives

The motivation for this thesis is to characterize transport and manipulation of
magnetic particles in microfluidic flows. Through the proposed concept, some solutions
are sought to the problems related to the integration of the magnetic inductive
components within microfluidic network. The understanding of the physical aspects of
particle aggregation is a critical point in any future advance in microfluidic magnetic
particles manipulation. To address this question, specific attention will be given to the
physics of magnetic particle agglomerations structures, when a suspension of the particles
is subjected to an external field.

2.5. Concepts Proposed
2.5.1. Magnetic Separation in dilute suspensions

Sensor miniaturization is motivated by the need to create smaller comprehensive
u-TAS devices that are capable of simultaneous sample handling and analytical
measurements. These devices typically require that an analyte be brought into contact
with a reagent in microfluidic channels. One method to collect analytes is by bonding
them with functionalized particles and subsequently introducing these conjugates into a
reagent flow. Functionalized magnetic particles can be remotely steered using an
externally generated magnetic field and collected for processing.

The motion of magnetic microparticles is examined in a microfluidic flow under
the influence of a nonuniform external magnetic field in order to characterize their
collection. The operating parameter space for optimal magnetic particle collection

efficiency is characterized through a coupled experimental and numerical investigation in
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which simulated particle trajectories are compared with measurements and validated. The
parameters include the magnetic field strength, particle size, magnetic susceptibility, host
fluid velocity and viscosity, and the characteristic length scale. The efficiency of a
magnetic collector in a microfluidic device depends upon two dimensionless numbers
that compare the magnetic and particle drag forces. The magnetic force depends upon the
imposed magnetic field and its gradient provided dipole-dipole interactions with
neighboring particles are neglected (which is appropriate for dilute particle suspensions).

2.5.2. Magnetic separation from concentrated suspensions incorporating dipolar
interactions

The magnetophoretic separation and field-induced aggregation of magnetic
particles under the combined influence of magnetic and fluid shear forces in a
microfluidic channel is investigated. Magnetic forces arise due to an externally applied
field gradient as well as due to induced dipolar interactions in a non-dilute suspension.
This interaction between the particles aids the separation process. By varying the physical
parameters, a strategy is demonstrated to control the collection of these particles. In order
to characterize this phenomenon, a parametric analysis is conducted via numerical
simulation. A dimensional group composed of these same physical variables emerges as
the key parameter to predict the dynamics of the aggregate. Additionally, experimental
images verify some key aspects of the model. Through experimental and numerical
investigation, the aggregate is shown to grow linearly with time. A parametric
investigation reveals the relationship of the aggregate size with a dimensional parameter
composed of the relevant physical variables. The results are important in design of

magnetophoretic separators of MEMS-based cell sorters, biosensors, nucleic acid

30



isolators, etc. where it is important to know the magnetophoretic separation efficiency
and the integrity of the separated cluster of magnetic microparticles.

2.5.3. Capture of Non-magnetic particles through interaction with functionalized
magnetic particles

Immunomagnetic separation (IMS) is an immunology application in which
magnetic particles with surface immobilized antibodies specifically bind with antigens.
The possibility of massively parallel IMS microfluidic networks could potentially enable
more robust remote monitoring. However, there are no comprehensive models available
to characterize the interaction between target species and magnetic particles in
microfluidic channels. We investigate the mechanics of magnetic separation of target N-
particles by magnetic M-particles using three-dimensional numerical simulations.
Interparticle and clumping effects are accounted for explicitly. In the absence of a well-
characterized viscoleastic model of the forces in functionalizing strands, a velocity effect,
producing unconditional binding similar to that in covalent bonds, is employed. M-
particles are attracted towards the point dipole and aggregate close to it during buildup.
Particles on the periphery of the aggregate experience a holding force due to the magnetic
field and a depleting drag force. Depending upon the conditions, washaway occurs
through the shearing of individual particles or larger aggregate chunks. From the
perspective of practical device design, the separation section concentrates the interacting
M- and N-particles into an aggregate. Some bound M-N conjugates are released from this
aggregate through washaway and conveyed to subsequent sections for analysis. While the
M-N ratio in the washed away material is constant, the washaway frequency and the
amount of washed-away material determine the rapidity of sensing and the signal

strength.
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Chapter 3: Magnetic Separation in dilute suspensions

3.1. Introduction

Single-particle micromanipulation techniques traditionally have been developed
for biophysical applications, but they are being increasingly employed in materials
science applications such as rheology and polymer dynamics. Continuing developments
and improvements in single-molecule manipulation techniques afford new opportunities
in a broad range of fields. An innovative method of single-particle manipulation is
presented.

Along with experimental and theoretical studies, numerical simulation has been
an indispensable tool in almost every research and application field for many years. It
also aids in the design of microfluidic and nanofluidic devices. Simulations allow
researchers to rapidly determine how design change will affect chip performance, thereby
reducing the number of prototyping iterations. However, there are several factors that
complicate the numerical simulation of micro/nanoscale phenomena and thus distinguish
it from the macroscale counterpart. Undoubtedly, hydrodynamic interactions in the
context of magnetic separation in microfluidic systems employing dilute suspensions is
important. However, a comprehensive Eulerian-Lagrangian formulation for such a
problem is outside the scope and the time line of this study.

The focus of the subsequent work is to manipulate matter (particulate as well as
fluid) at the microscale. By particulate matter, it is implied that the magnetic particles

functionalized with appropriate functional groups can bind with other species present in
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the fluid media. Subsequently the external field can guide the assembled combination
through the microchannel through various processing steps.

Because of the small physical dimensions of microfluidic flows, it is difficult to
insert sensors that do not disrupt the flow. Thus experimental techniques often measure
bulk, instead of local properties. To obtain information about individual particle
dynamics, a simplified Stokesian dynamics approach is proposed. The outcome will also
predict the formation of microstructure or aggregates when the particles interact amongst
themselves in the microfluidic environment. Given the proper operating variables, it
should be possible to predict the formation of one of the two dominant formations —
chains (corresponding to a uniform field) and hexagonal aggregates (possible due to
anisotropic field).

3.2. Background

The collection efficiency of a magnetic collector depends upon two dimensionless
numbers that compare the magnetic and particle drag forces (Sinha et al, 2007).
Experimental investigations have so far only provided qualitative demonstrations of how
microfabricated electromagnets can generate a strong enough force field to ensure
particle capture (K. Smistrup, 2005, Rida and Gijs, 2004) or separation (Friedman and
Yellen, 2005), or enable MEMS-based cell sorters (Jiang et al., 2006). While useful,
these investigations do not provide a quantitative particle-tracking model that is
applicable regardless of configuration and geometry. Previous simulations of magnetic
particle transport in microfluidic contexts (Smistrup et al., 2005) have also not focused
on individual particle trajectories or detailed parametric analyses. An analysis on the
microfluidic transport and capture of 1um diameter magnetic microspheres provided by

continuum approach (Christian Mikkelsen, 2005) is questionable, since in water such a
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treatment is generally valid only for Fe;O4 particles diameters smaller than 40 nm
(Furlani and Ng, 2006). Limited parametric investigations on particle transport in the
context of microfluidics and magnetic drug targeting have also been conducted by other
groups (Furlani, 2007) but such studies have not identified the key nondimensional
parameters that influence magnet