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ABSTRACT

INVESTIGATION OF DIELECTROPHORETIC MICROFLUIDIC TRAP SYSTEM FOR
SEPARATION AND PARALLEL ANALYSIS OF SINGLE PARTICLES

by

Tae Joon Kwak

The University of Wisconsin-Milwaukee, 2019
Under the Supervision of Professor Woo-Jin Chang

Separation and identification of single molecules and particles based on their chemical,
biochemical and physical properties are critical in wide range of biomedical applications.
Manipulating a single biomolecule requires sensitive approaches to avoid damage to the
molecule. Recent progress in micro- and nano-technology enabled the development of various
novel methods and devices to trap, separate, and characterize micro- and nano-particles. In this
dissertation, a microfluidic particle trap system to electrically separate particles at the single
particle level was developed through particle manipulation methods using dielectrophoresis. The
research in this dissertation will explain the operation strategy and setup of the novel
dielectrophoretic trap system to separate and analyze single particle. The characteristics of the
various shapes and sizes of traps were investigated experimentally and theoretically for single

molecules and particles trapping.
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Chapter 1

Introduction



1.1 Particle trapping and separation

The ability to separate and manipulate biological particles based on their physical and
biochemical properties enables a wide range of biomedical applications, for example disease
diagnosis, genetic analysis, and drug screening [1, 2]. Biological sample mixtures are commonly
separated through a series of bio-separation processes such as centrifugation [3], filtration [4],
chromatography [5], density gradient methods [6], and a variety of methods has been studied over
the past several decades. However, fractionating small amounts of bioparticles from other co-
existing particles that have similar chemical and physical properties in the solution is still
challenging [7].

Recently, lab-on-a-chip type devices have attracted interest for the fractionation of
bioparticles because they require small amounts of samples and enable faster separation, higher
sensitivity and selectivity, and have the capability to integrate multiple treatments. Various
separation mechanisms have been adopted for the microfluidic lab-on-a-chip separation of
bioparticles, such as affinity-based antibody-coated surfaces [8, 9] and paper-fluidic devices [10],

trapping using ciliated micropillars [11], sieving by physical size [12], and acoustic filtering [13].

Manipulating a single biomolecule requires very sensitive approaches to avoid damage to
the molecules. A variety of methods such as optical, microfluidic, mechanical, magnetic, and
electrical fields were used in controlling micro- and nano-particles in particle trapping, focusing,
separating and characterizing applications. In general, methods that use electrical fields are
suitable for bioparticle manipulation due to the benefits of strong controllability, ease of operation,
high efficiency and slight damage to targets as shown in Error! Reference source not found.
[14]. Recent advancements in micro- and nano-technology using electrical fields enabled the

development of various novel methods and devices including gel electrophoresis [15], capillary
2



electrophoresis [16, 17], and dielectrophoresis [18], to trap, separate, and characterize micro- and

nanoparticles.

Table 1. Comparison of different particle control methods [14].

Methods Controllability Operation Efficiency Cost Damage

Optical Strong Hard Low High  Slight
Microfluidic Weak Easy High Low  Little
Mechanical Strong Hard Low Low  Large

Magnetic Strong Hard Low Low  Slight
Electrical fields Strong Easy High Low  Slight

1.2 Dielectrophoresis (DEP)

When a dielectric particle is exposed to a non-uniform electric field, the particle is
polarized by the electric field and the particle experience a force along the electrical field gradient.
This phenomenon is called dielectrophoresis (DEP) as proposed by Herbert Pohl [19]. The
magnitude and direction of the DEP force is determined by the relative polarizabilities of the
particle and of the surrounding medium. For a homogeneous sphere of radius r, the DEP force is
calculated by using an equation:
|2

Fpgp = angeoemRe[K(w)]wE)rms 1)

where &y and &, are the permittivity of the free space and medium, E is the applied electric field,

and K(w) denotes the Clausius-Mossotti (CM) factor which contains all the frequency



dependence and the components of the complex dielectric constant of the DEP force. The Clausius-

Mossotti factor is expressed as:

_ fp”fm
K(w) = 8;‘,+2£,*n 2)

Here, the indices p and m denote the particle and the surrounding medium, respectively. When an
alternating electric field with angular frequency of w is applied, the complex dielectric permittivity

is defined by:

£ =e—j= 3)

where the o is the electrical conductivity and the j is the imaginary number unit.

Direction of the DEP force is determined by the real part of the CM factor (Re[K (w)]).
When the complex permittivity of the particle &, is higher than that of the surrounding medium
&m, resulting Re[K (w)] > 0, and then the particle will displace itself towards the higher electric
field region. This is positive dielectrophoresis (p-DEP) as shown in Figure 1 left. On the other hand,
when the complex permittivity of the &, is lower than the that of the particle, resulting Re[K (w)]
<0, the dipoles localized in the surrounding medium will move the particle towards the minimum
of the electric field region [20]. This is negative dielectrophoresis (n-DEP) as shown in Figure 1
right. The values of CM factor are restricted by the limits of -0.5 < Re[K(w)] < 1 for spherical
particles depending on the frequency of the applied electric field and the relative magnitudes of &,

and &y, [21].



Positive DEP Negative DEP

Ep > Epy €y < &y

Figure 1. Illustration of positive DEP (left) and negative DEP (right) for a dipole induced charged particle.

If the particle is consisted of more than one substance, the conductivity and permittivity of
each layer should be considered to determine permittivity. Thus, for studies on biological particles
with heterogeneous configurations, such as micro-organisms, cells, and particles that have multiple
components, more complex consideration is needed to be analyzed. Conventionally, the “single-
shell model [22]” which combines the layers into an effective conductivity and permittivity is used
to estimate the permittivity of the heterogeneous particles as shown in Figure 2 using following

equation :

3
routerLZ Einner—Couter
3
Tinner Einnert2€outer

& = &’ (4)
e - ¢outer 3 * -

p(eff) Touter _finner Eouter

3 ® *

inner Einnert?€outer

T



Touter Touter

d Tinner
(Sinner: 0i1111er) (feff: Ueff)
(€outers Touter)

(Smedium ’ Gmedium)

Figure 2. Schematic of single-shell modeling of a heterogeneous particle with respect to the

dielectrophoretic (DEP) properties.

1.3 Electrode design for single particle trap

In general, interdigitated electrodes (IDE) are used for particle separation and manipulation
in dielectrophoresis researches [18, 23]. In the IDE based devices, particle separation and
manipulation have performed utilizing the characteristics that the electric field gradient is higher
at the electrode edges compared to the center of the electrodes and the gap between the electrodes.
Particles move to the edge of the IDE when p-DEP applied, on the other hand, the particles move
to the center of the IDE or gap between the IDE when n-DEP applied as shown in Figure 3. The
particle manipulation with IDE based system is suitable for manipulating large number of particles;
however, it is not optimized for single particle level studies. Moreover, the location of particles
following the length of the IDE electrode system cannot be predictable, because of the even and
parallel distribution of the force between electrodes. When an electrical potential is applied to an
electrode, the magnitude of the electric field is strongest at the edge of the electrode and decreases

by the distance from the edge. Especially in n-DEP, it is easier to predict the position of particles
6



in the vertical direction because the electric field in the vertical direction is strong enough to hold
the particles on both sides. However, in the lateral direction, the highest electric field is generated
from the edge of the electrode and the size of the electric field decreases along the length of the
electrode, so the particles can move due to the reduced stiffness in the lateral direction.

The closed-form electrodes, such as circular and square shapes as shown in Figure 4 and
Figure 5, have been considered as appropriate structures for trapping particles with DEP since they
are easy to predict the trapped position of the particles, especially in n-DEP [24-26]. When an
electric potential is applied to an electrode, the electric field is highest at the edge of the electrode
and becomes smaller as it is farther from the edge of the electrode. Therefore, in the case of n-DEP
in these closed-form electrodes, each edge of the electrode is located at a uniform distance from
the lowest electric field area in the center of the electrode, so the particles move away from the
electrode edge towards the center of the trap shape. This makes easier to predict where the particles
are trapped. In this dissertation, therefore, the closed-form electrodes are proposed as electrode

design for single particle trap.

Positive DEP Negative DEP

Figure 3. Dielectrophoretic behavior of particles in IDE devices.



Positive DEP Negative DEP

Figure 4. Dielectrophoretic behavior of particles in circular closed-form trap devices.

Positive DEP Negative DEP

Figure 5. Dielectrophoretic behavior of particles in square closed-form trap devices.

1.4 Scope of the dissertation



The goal of this dissertation is to develop a novel microfluidic particle trap system using
dielectrophoresis to electrically trap, separate, and analyze single molecules and particles. Figure
6 illustrates the concept of the dielectrophoretic microfluidic corral trap system. Each chapter of
the dissertation addresses various components for determining the characteristics of a novel
microfluidic particle trap system using dielectrophoresis.

Chapter 1 provides an overview of particle trapping and separation techniques, as well as
an introduction of dielectrophoresis.

Chapter 2 presents the method of numerical simulation and geometrical analysis of the
dielectrophoretic microfluidic trap. Numerical simulation analysis for trapping particles with
various shapes of traps, and behavior of particles according to trap shapes are presented.

Chapter 3 describes the fabrication and experimental setup of dielectrophoretic
microfluidic trap device.

Chapter 4. describes experimental methods for particles trapping and separation by the
dielectrophoretic microfluidic trap system. The trapping particles with various sizes of
microchannels, trapping various sizes of particles, and separation of particles are described.

Chapter 5 provides a conclusion, as well as addresses recommendations for future work.



"J . 0\) 9 - V
Target Samesized  Differentsized Other particles

particle heterogeneous homogeneous
particle particle and debris

Figure 6. Concept of the dielectrophoretic microfluidic corral trap system.
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Chapter 2

Numerical study of the Shape Characteristics of the
Dielectrophoretic Microfluidic Trap Devices

11



2.1 Overview

The DEP can be used to separate, sort, manipulate and transport bioparticles, based on their
dielectric properties and the DEP force is directly related to the spatial gradient of the electric field.
The spatial gradient of the electric field varies depending on the geometry of the dielectrophoretic
trapping device. By changing their geometrical structure, the trap could have different electric
force fields in the trapping region. The behavior of the particle trapping is depending on the
direction and the magnitude of the DEP forces near the trap. For effective particle trapping, the
trapping force needs to overcome the kinetic energy and the drag force of the particles when the
particles are in motion.

In this chapter, numerical study by finite element analysis (FEA) method examines the
effect of different trap geometries on particle trapping using DEP forces. The results were used to
determine the optimum trap shape for the particle trap system. Numerical analysis of the force
field in circular, square, and triangular shaped particle traps and behavior of particles in the force

field are discussed.

60 pm

30 um 30 um

30 um

Figure 7. Circle, square, and triangle in which the characteristics of trapping are analyzed through numerical

analysis.
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2.2 Physics and governing equation

The introduction of appropriate physics and governing equations into numerical analysis
systems are the most important factors when numerically analyzing a system. To theoretically
confirm whether the DEP force is formed around the microstructure electrodes and can focus the
particles in the trap, the numerical simulation analysis of the DEP force vectors distribution had to
be obtained. I simulated the magnitude and vector distributions of the DEP force in the DEP trap
system using FEA method using COMSOL Multiphysics (V5.2, COMSOL Inc, Sweden) with
AC/DC module. To derive a DEP force acting on a particle from the electric field, the governing

DEP Equation (1) for each x, y, and z component is solved as follows:

2% pi+ ((£)[F/m]) * ((&m)) * ((r[m])"3)  Re[K(w)] * (2 * es. Ex  d(es. Ex x) + 2 »
es.Ey = d(es. Ey,x) + 2 * es. Ez * d(es. Ez, x)) (5)
2% pi+ ((£)[F/m]) * ((&m)) * ((r[m])*3)  Re[K(w)] * (2 * es. Ex  d(es. Ex,y) + 2 »
es.Ey * d(es.Ey, y) + 2 * es. Ez * d(es. Ez, y)) (6)
2% pi+ ((e)[F/m) * ((em)) * ((r[m])"3) * Re[K(w)] * (2 * es. Ex * d(es. Ex,z) + 2 »

es.Ey x d(es.Ey,z) + 2 * es. Ez * d(es. Ez, z)) (7)

The parameters used in this study were determined assuming that 2 um radius polystyrene
particle is suspended in DI water. The permittivity of the free space, ,, was 8.854 x 10712 and the
relative permittivity of the medium, &, was 80.1 [18, 25]. The real part of the Clausius-Mossotti
factor Re/K(w)] was -0.4602 at 1 MHz, 0.9937 at 1 kHz, and the conductivity of the medium, i.e.

DI water, was 2 - 4 uS /cm [18, 25].

13



2.3 Geometry and boundary conditions

In order to characterize the traps for the immobilization of particles in the trap device,
simplified geometries of each circular, square, and triangular shape with pairs of periodic condition
on wall interfaces were used for the numerical analysis. Figure 8 illustrates the geometry and
boundary conditions for the circular trap with diameter of 30 pm. Figure 9 illustrates the geometry
and boundary conditions for the square trap with 30 pum of each side. Figure 10 illustrates the
geometry and boundary conditions for the triangular trap with base of 30 pm and height of 60 pm.
Each trap has a 100 nm thick chromium electrode with a circular, square, triangular shape at the
surface, with an ITO counter electrode located at a distance of 30 um. The water between the two
electrodes is filled as a medium.

Three materials used in the devices were chromium, water, and ITO. Properties of the
materials for the numerical simulation were determined based on the default material properties in
COMSOL Multiphysics database except for relative permittivity. The values of the relative
permittivity of chromium, water, and ITO used in the numerical study were 12, 80.1, and 3.3378,

respectively, which are obtained from previous studies [18, 25, 26].
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Figure 9. Square trap geometry and boundary conditions for the numerical analysis.
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Figure 10. Triangular trap geometry and boundary conditions for the numerical analysis.
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2.4 Mesh

In order to obtain a reliable resolution of the numerical simulation study, mesh optimization
is one of the most important factors. The circular, square, and triangular particle traps analyzed in
this study were all set to physics-controlled extremely fine tetrahedral meshes. Especially, the size
of mesh was initially set to be less than 200 nm around and inside of the trap, where displacement
of the particle position is important, and this approach has been proven to be reliable in microscale
observations from our previous work [18].

In order to increase the accuracy of the simulation analysis, the resolution of each derived
graph has been adjusted from standard resolution to additional fine resolution in post-processing,
so the spacing between each date value in the graph is smaller. The smaller element spacings allow
finer resolution of the analysis. In addition, since the distance of the mesh elements are different
from each other, the data set is interpolated at intervals of 10 nm in order to obtain a uniform
interval resolution in the numerical analysis according to the particle positions.

Figure 11 shows the mesh for the circular trap with 17.1 x 10° elements and 3.41 x 10°
degree of freedom. Figure 12 shows the mesh for the square trap with 17.1 x 10° elements and 3.42
x 10% degree of freedom. Figure 13 shows the mesh for the triangular trap with 17.1 x 10° elements

and 3.42 x 10° degree of freedom.

16



Figure 11. The circular trap with meshes.

Figure 12. The square trap with meshes.

Figure 13. The triangular trap with meshes.
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2.5 Simulated DEP forces on traps

2.5.1 Electric field and direction of DEP forces on each trap

In each trap shape, I examined the direction of the DEP force that affects particles when
the particles are around the trap. Figure 14, Figure 15, and Figure 16 present the simulated electric
field (surface color) and direction and relative magnitude of p-DEP and n-DEP forces (red arrows)
around each circular, square, and triangular trap. An AC 100 kHz 8 Vjeak-to-peak 1S applied to
simulate the effect of the p-DEP and an AC 1 MHz 8 Vpeak-to-peak 15 applied to simulate the effect
of the n-DEP to the electrodes.

Each size and direction of the arrows represents the p-DEP and n-DEP forces that affects
a particle when a 2 um radius particle is located at the position indicated by the arrow. The length
of arrows is set to the logarithm; thus, the length of each arrow indicates the relative strength of
the DEP force formed at the location.

Since the electric field gradient is stronger at the edge of the trap and is lower at the inside
of the trap, the particle will be pulled toward the edge of the trap in the case of p-DEP, and will be
pushed toward the inside of the trap in the case of n-DEP. Since the real number of the CM factor
is higher in p-DEP than the n-DEP, the magnitude of the p-DEP forces is higher than n-DEP forces.
However, the n-DEP forces formed from all directions will immobilize the particle at a certain
place in the trap, this makes easy to predict the trapped position of the particles. Especially in the
triangular trap, since the shape of the trap is not symmetric in x-axis, the direction of the DEP force
is not symmetric as well. Characteristics of the geometrical effects of DEP will be discussed in

more detail in the next section with a numerical graph form.
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Figure 14. Normalized electric field and direction of the p-DEP and n-DEP forces in a circular trap.
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Figure 15. Normalized electric field and direction of the p-DEP and n-DEP forces in a square trap.
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Figure 16. Normalized electric field and directions of the p-DEP and n-DEP forces in a triangular trap.

2.5.2 Cross-sectional view of the DEP forces

Figure 17, Figure 18, and Figure 19 show the cross-sectional view of the electric field and
directions of the p-DEP and n-DEP forces on each circular, square, and triangle traps. The position
of the cross-section in each trap is indicated by a red line. In the cross-section view, the formation
of the electric field and direction of the p-DEP and n-DEP forces can be viewed two-dimensionally.
In general, the electric field is strongest at the electrode edge and weakest within the trap.

Since the formation of the DEP force varies depending on the gradient of this electric field,

the direction of the p-DEP force forms a vortex from the inside of the trap where the weaker electric

20



field, to the edge of the electrode where the stronger electric field. On the contrary, the direction
of the n-DEP force forms a vortex from the edge of the trap where the stronger electric field, to
the center of the electrode where the weaker electric field. Between two edges of the circular and
square trap, all n-DEP forces are directed towards the center of the trap. In other words, the particle
inside the trap receives a repulsive force towards the bottom center of the trap when an electric
potential is applied to the circular and square trap electrodes. In the case of the triangular trap, the
difference in the electric field gradient is relatively smaller because the length of the Y-axis is
longer than that of the circular and square traps. Also, the shape is not symmetrical in both
directions. Therefore, the DEP forces in the Y-axis direction are relatively smaller to the center of

the trap, and the formation of the DEP forces is not symmetrical.
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Figure 17. Cross-sectional view of the electric field and directions of the DEP forces on circular trap.
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Figure 18. Cross-sectional view of the electric field and directions of the DEP forces on square trap.

Figure 19. Cross-sectional view of the electric field and directions of the DEP forces on triangular trap.
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2.5.3 DEP force magnitude on axis for each trap

Figure 20, Figure 21, and Figure 22 show the line graph of DEP forces in each X, Y, and
Z -axis for circular, square, and triangular traps to quantify and to compare the magnitude of the
DEP forces more thoroughly. The yellow trap shapes in each graph were inserted to display the
location of the traps. Since the cut lines for each trap were set along the X-axis penetrates the
center of the traps as shown in each inset, components of the X-axis DEP forces were negligible
due to the symmetric characteristic of the trap shapes. The Y-axis DEP forces for each trap refer
to the magnitude of the force directed to the right of the graph. Thus, the negative Y-axis DEP
force value after the 50 um point, i.e. the center of each trap, is the magnitude of the DEP force
directed to the left of the graph. For the Z-axis DEP force of each graph, the positive values indicate

the upward Z-axis DEP forces, and the negative values indicate the downward Z-axis DEP forces.
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Figure 20. Line graph of DEP forces in each axis for a circular trap.
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Figure 21. Line graph of DEP forces in each axis for a square trap.
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Figure 22. Line graph of DEP forces in each axis for a triangular trap.
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2.5.4 Trapping force comparison for the circular and square trap

For Y-axis DEP forces of each graph, negative values indicate the Y-axis DEP force acting
in the left direction (origin of the arrow) of the schematic, and positive values indicate the Y-axis
DEP force acting in the right direction (tip of the arrow) of the schematic. The Y-axis DEP force
acts to reduce or increase the movement of particles in the channel, and the balance of the Y-axis
DEP forces hold particles trapped within the trap in place.

For the Y-axis DEP forces of the circular trap and square trap in Figure 20 and Figure 21,
the DEP forces inside of the trap acts toward the center of the trap, while the DEP forces outside
of the trap pushed the particle out of the trap. In general, the DEP forces inside the trap are stronger
than the repulsive forces on the outside of the trap. The maximum repulsive DEP forces pushing
out the particle from the outside of the circular trap and the square trap were calculated as 3.43 x
10" N and 4.68 x 10! N, and the force pushing the particle inside the circular trap and the square
trap toward the trap center were calculated as 9.32 x 10°'! N and 1.34 x 10-'° N, respectively.
Comparing the trapping DEP forces of Y-axis on the circular trap and the square trap, the square
trap was analyzed to be up to 36% stronger in outside and up to 43% larger in inside than the
circular trap.

For Z-axis DEP forces of each graph, negative values represent downward Z-axis DEP
forces closer to the electrode glass slide, and positive values represent upward Z-axis DEP forces.
The downward Z-axis DEP force is added to the gravity, and thus pulling the floating particles in
the channel toward the surface of the trap and holding the trapped particles on the bottom of the
trap.

For the Z-axis DEP forces of the circular trap and square trap in Figure 20 and Figure 21,

the DEP forces near the outside edge of the trap are directed upward, and the DEP forces inside of

25



the trap are directed downward. The maximum downward Z-axis DEP forces of the circular trap
and square trap were calculated as 9.45 x 102 N and 6.98 x 1012 N, respectively. Comparing the
trapping DEP forces in the Z-axis inside the traps for circular trap and square trap, the circular
traps were analyzed to be up to 35% stronger than the square traps.

In addition, the DEP forces at 45 degrees diagonal across the X and Y axes of the circular
and square traps were analyzed in Figure 23 and Figure 24 to compare geometrical characteristic
between circular trap and square trap. Since the circular trap is symmetric about the X- or Y-axis
of all angles, diagonal axis analysis showed the same pattern as the DEP force in Figure 20 for the
Y-and Z-axis for the DEP force on the circular trap. However, in the case of a square trap, the
diagonal length is increased as 42.43 um because the one side of the square is multiplied by the
square root of 2, which is about 1.41 times greater than the length of one side. Since the increased
distance reduces the magnitude of the electric field and the electric field gradients at the vertex of
the rectangle are significantly smaller, the diagonal DEP forces in the square trap are relatively
weaker than axial DEP forces. As in a square trap, the trapping force varies along the direction,
the stiffness can be reduced. The stiffness is the force to hold the particles after trapping because

the trapped particles can move toward the weaker force direction.
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Figure 23. Diagonal line graph of DEP forces in Y and Z axis for a circular trap.
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Figure 24. Diagonal line graph of DEP forces in Y and Z axis for a square trap.
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2.5.5 Trapping force for the triangular trap

In the case of a triangular trap, the Y-axis of the DEP forces on the right side and on the
left side are different because the trap shape is not symmetrical about the perpendicular to the axis
being analyzed in Figure 22. For the base side of the triangular trap (left in the graph), the
maximum repulsive DEP forces pushing out the particle from the outside of the trap was 4.03 x
10-'' N, and the force pushing the particle inside the trap toward the trap center was 1.17 x 101
N. For the vertex side of the triangular trap (right in the graph), the maximum repulsive DEP forces
pushing out the particle from the outside of the trap was 2.23 x 107! N, and the force pushing the
particle inside the trap toward the trap center was 3.38 x 1072 N. Therefore, if a particle in the
channel is trapped while moving from the base side of the triangle toward the vertex, the particle
can be pulled toward the trap surface by the strong downward Z-axis force, however, the Y-axis
trapping force at the vertex side is relatively weak, so the particle can easily escape from the trap.
On the other hand, when a particle moves from the vertex side to the base side of the triangular
trap, it may be difficult to penetrate the center of the vertex and enter the trap because of the
repulsive force around the vertex can make the particle bypass the trap due to the repulsive force
to the outside around vertex. Once a particle is trapped inside the trap, it can be held by the Y-axis
forces acting on the base side of the trap, however, the trapping force of the Y-axis acting on the
vertex side is relatively small so that the particle can travel along the Y-axis in the trap due to

reduced stiffness.
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2.6 Determining the appropriate trap shape

In this chapter, I have numerically analyzed circular, square, and triangular traps to
evaluate the availability of dielectrophoretic single particle trapping. The triangular trap was
evaluated to have a relatively strong downward trapping force due to the gradually narrowing
geometry, but asymmetric shape could cause particle loss. The square trap has relatively strong
lateral trapping forces, but diagonal trapping forces are relatively smaller than axial forces, so that
this can cause the stiffness reduction.

Overall, the circular trap was evaluated to have uniform n-DEP trapping forces in all
directions, with appropriate lateral and downward n-DEP trapping force magnitudes. Moreover,
the circular trap was evaluated to have robust stiffness, which is expected to have a great advantage

in analyzing captured bio-particles.
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Chapter 3

Fabrication and Experimental Setup of the
Dielectrophoretic Microfluidic Trap Devices
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3.1 Overview

This chapter focuses on the experimental methods, materials, and equipment for the

dielectrophoretic microfluidic trap system. The photolithographic fabrication process and the

experimental setup for the dielectrophoretic trap devices are discussed in detail.

3.2 Fabrication methods of DEP trap device

The microfluidic chip device used in this study was fabricated through photolithographic

and metal deposition technique which is a well-known manufacturing process of Micro Electro

Mechanical Systems (MEMS) as shown in Figure 25 [25]. The detailed fabrication process is

described in each subsection.
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Figure 25. Schematic drawing of photolithography fabrication process used in this study.
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3.2.1 Preparation and cleaning

A 3 x 1 inch glass microscope slide substrate was cut into 1 x 1 inch and cleaned through
sonication process with ultra-sonication bath for ten-minutes with series of organic solvents, i.e.

acetone, methanol, and isopropyl alcohol, in a petri dish, respectively. After the solvent cleaning
process, the substrate was rinsed with ultrapure deionized (DI) water (over 18.3 MQ, Milli-Q

system, Millipore, USA) and dried with ultra-high purity nitrogen gas. Thereafter, the glass
substrate was immersed in a piranha cleaning mixture solution which is 3:1 ratio of sulfuric acid
(NO. 893302, Carolina, USA) and 30 % hydrogen peroxide (868146, Carolina, USA) for 30 mins.
After the piranha cleaning process, the substrate was rinsed with ultrapure deionized (DI) water
and dried with ultra-high purity nitrogen. After that, the substrate was placed in a convection oven

at 65°C for 10 minutes for complete dehydration.

3.2.2 Photolithography

After the cleaning process, surface of the glass substrate is treated by hexamethyldisilazane
(HMDS) via chemical vapor deposition (CVD) process. The glass substrate is placed in a vacuum
chamber with a container containing HMDS on the bottom. The chamber is vacuumed for 5
minutes through a vacuum pump. After removing the air in the chamber, the vent of chamber is
closed for 7 minutes.

The glass substrate coated with HMDS was placed in a spin coater (SCS 6800 Spin Coater,
SCS, USA), and 2 ml of photoresist (PR, AZ 5214E-IR Photoresist, Micro Chemicals, USA) was
dropped on the surface using a pipette and rotated at 500 revolutions per minute (RPM) for 15
seconds and then 2000 RPM for 30 seconds. Thereafter, the PR coated glass substrate was placed

on a hotplate at 100°C for 90 seconds, resulting 1.98 pm thickness of the photoresist.
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The PR coated substrate was placed on the UV (ultra violet) mask aligner (PLA-501-FA,
Canon, Japan) with a photo mask (soda lime mask, Photo Sciences Inc., USA) which has desired
electrode structures designed using computer aided design (CAD) software (Auto CAD 2014,
Autodesk, USA). The PR coated substrate was exposed to UV light for 11 seconds at an intensity
of 10 mW/cm?.

The UV exposed substrate was immersed in a developer solution which is a mixture of 4:1
ratio of DI water with developer (AZ 300 MIF Developer, Micro Chemicals, USA) for 50 — 60
seconds. The developed substrate was rinsed with ultrapure DI water and dried by blowing ultra-
high purity nitrogen gas for dehydration. Figure 26 represents an array of circular trap pattern for

the photolithography process.

Figure 26. An array of circular trap pattern with the photolithography process.
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3.2.3 Metal deposition and lift-off

The substrate on which the trap design pattern is formed through photolithography is
subjected to a metal deposition process to have a metal layer to be used as an electrode. This was
accomplished through vacuum thermal evaporation process. The substrate was placed at the
substrate holder in the thermal evaporator (KV-301-32987-B, Key high vacuum products, USA),
and tungsten source basket was filled by pure Chromium (Cr) metal pieces (EVMCR35D, Kurt J.
Lesker, USA).

A 1 kA of Chromium layer was thermally evaporated from the tungsten basket onto the
substrate in a vacuum chamber at a pressure of -4.5 x 10”7 torr. The deposition rate was adjusted
by controlling the current applied to the basket filament. The applied thermal deposition rate was
monitored by a quartz thickness monitor and was measured around 0.3 — 0.7 A / sec. When the
accumulated thermal deposition thickness reaches the desired thickness, the evaporation shutter in
the chamber was closed to prevent unnecessary additional deposition and the substrate was allowed
to be cooled naturally with room temperature. Figure 27 shows a device in which 1 kA of

Chromium layer is deposited through the metal deposition process.

Figure 27. A device with 1 kA of Chromium layer fabricated by the metal deposition process.
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After thermal evaporation, the substrate was inspected for integrity of the thin film metal
layer under an optical microscope for cracks and unnecessary impurities. After the integrity
inspection, the substrate was immersed in acetone and the unnecessary patterns of photoresist parts
was removed with Chromium layer. For effective lift-off, acetone was applied using an air-blower
if necessary, or the substrate was sonicated for 1 to 3 minutes with acetone. Then the substrate was
rinsed by isopropyl alcohol and ultrapure DI water, and then blow dried with ultra-high purity
nitrogen gas. Figure 28 shows the trapping device completed after the lift-off process. The dark
area indicates the Cr layer. The small transparent patterns indicate the patterned electrode. Specific

patterns out of total 287 different fabricated patterns were used in the DEP trapping experiments.

Figure 28. A device after the lift-off process.

3.2.4 Microfluidic flow channel and counter electrode

The microfluidic flow channels were made using the 5, 10, and 30 pum thickness
polyethylene terephthalate (PET) spacers (5600, 5601, 5603, Nitto Denko Co, Japan) and the
indium-tin-oxide (ITO) coated glass slide (NO. IT10-111-25, NANOCS, USA). The ITO coated

glass slide was used as a counter electrode in the trapping device. The double-side sticky PET
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spacer enables water-tight bonding between electrode and counter electrode glass slides. The
height of the microfluidic channel was determined by the thickness of the PET spacer. In this
configuration, the electrode and counter electrode are designed to face each other, different from
conventionally used DEP electrode sets. Since the distance between electrode and counter
electrode glass slides are limited by the thickness of PET spacer, two glass slides were misaligned
5 mm, so that the electrodes can be connected to the wires. Inlet and outlet holes through the glass
substrate were pierced by a highspeed rotary tool with a diamond-coated drilling tip. Through these
holes, the liquid media carrying the particles and cells are injected at the inlet using syringe, and
removed at the outlet using capillary tubing. Figure 29 shows the completed lab-on-a-chip device

after all the fabrication processes.
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Figure 29. A completed lab-on-a-chip microfluidic trap device.
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3.3 Experimental lab-on-a-chip system setup

The dielectrophoretic microfluidic trap system used in this research contains fluidic,
electrical, and optical systems. Figure 30 presents Schematic diagram of experimental set-up of
dielectrophoretic trap system. Detailed descriptions of each experimental system element are

provided separately in this section.
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Figure 30. Schematic diagram of experimental set-up of dielectrophoretic trap system.
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3.3.1 Fluidic system

The microchannels were connected to inlet and outlet holes pierced in the ITO glass slide.
To control steady and accurate flow rate of the fluids with particles, a two-syringe infusion pumps
(KDS 200, KD scientific, USA) was used. The inlet channel was connected to a 250 pL syringe
(Hamilton Co., USA) that has particle solution and mounted on the syringe pump by a 30 cm long
Polytetrafluoroethylene (PTFE) tubing (0.016°° OD, 0.004’’ ID, EW-06417-72, Cole-Parmer Co.,
USA). The outlet channel was connected to the collecting tube with a 10 cm long tubing. The
junctions between glass slide and tubing are sealed with epoxy (Quickset, Loctite, Germany) to

prevent the leakage.

3.3.2 Electrical system

The DEP electrode and ITO counter electrode were connected to a function / arbitrary
waveform generator (33250A, Agilent, Palo Alto, CA) which can supply maximum output of 10
V peak-to-peak from alternating current (AC) of 1 Hz to 20 MHz. When it is necessary to raise
the voltage to higher than 10 V, the output signal was connected to a high frequency high-voltage
power amplifier (Model 2100HF, TRek, USA) that has 50V/V of fixed gain to boost the output
voltage. Also, direct currents (DC) of maximum 72 V, 1.2 A input were supplied by a bench power
supply (2200-72-1, Keithley, USA) when necessary. All the magnitudes and duration of the signal

were measured using a digital storage oscilloscope (2190D, B+K Precision, USA) in real-time.

3.3.3 Optical system

The trap device was mounted on a microscope (BX53F, Olympus, Japan) with a fluorescent

light source (Lumen Dynamics X-Cite Series 120 Q, Excelitas Technologies Co., USA) and a
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microscope light power supply (TH4-100, Olympus, Japan). The 4x, 10x, 20x, 50x, and 100x
objective lenses were used as necessary. Realtime observation and fluorescence images were taken
using a cooled charge-coupled device (CCD) camera (DP-72, Olympus, Japan), and a high-speed
camera (Bonito CL-400, Allied Vision Technologies, USA) with a frame grabber (PIXCI-E4G2,
EPIX Inc, USA). Up to 384 frames per second was of high-speed images and videos were recorded
to analyze movements of single particles with a digital image acquisition software (XCAP™

Standard V3.8, EPIX Inc, USA).

3.3.4 Experimental device setup

To mount the trap device on the conventional microscope station, customized device holder
was designed using the SketchUp (V2016, Trimble, US) three-dimensional (3D) design software
as shown in Figure 31 and fabricated by a 3D printer (FlashForge Creator Pro, FlashForge
Corporation, China). The device holder has 1 inch by 1 inch square groove to accommodate the
bottom part of the device, and a bigger square groove for placing the ITO counter electrode. Two
wire channels were designed to connect the electrodes with signal sources, and the grooves that
can be mounted on the microscope station are also located. The center of the holder is empty so
that the inside of the microfluidic channel can be easily observed from top or bottom with an
upright or inverted optical microscope, respectively. Figure 32 shows the holder with a trap device

and electrical wires connected.
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Figure 31. Design of the customized device holder in SketchUp 3D designing software.

Figure 32. A customized holder with a trap device and electrical wires connected.
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Chapter 4

Experimental Methods for Particle Isolation and
Immobilization by the Dielectrophoretic Microfluidic
Trap System
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4.1 Overview

The ability to isolate and pattern individual particles at specific locations based on their
physical and chemical properties enables a wide range of biomedical single cell studies, for
example disease diagnosis, genetic analysis, drug screening, and tissue engineering [27, 1]. Over
the past decade, microfluidic lab-on-a-chip device approaches have been used for single particle
isolation and analysis as those allow to manipulate fluidic control of small volumes thus to analyses
cellular dynamics and discover regulatory mechanisms [28—32]. In general, larger particles have
been considered to be more easily separated because their mass and size are more affected by
inertia [33], filtering [34], and electrical forces [35] in microfluidic devices. Also, lower flow rates
have been preferred since target particles need a long residence time to be exposed to the force
field in DEP [33, 36]. Moreover, lower and narrower channel size have been preferred to easily
trap or concentrate particles to a monolayer [29, 31]. Larger attainable electric forces are obtained
by decreasing channel height [36-38].

Since the DEP can manipulate particles with high precision force control, designed
orientations, and massively parallel processing, the DEP has been exploited in various applications
from fundamental researches to practical applications such as dynamic cell trapping and patterning
[39-41], cell sorting and isolation [42—44], drug discovery and delivery [41, 45-48], and
intermolecular force measurement [18]. Also, the emphasis on bio-particle related DEP research
has been steadily increased over the past two decades [49]. However, such previous DEP studies
have been stayed with the general strategies of separation related to the size, flow rate and channel
height for particle separation and isolation.

In this chapter, I report a strategy that overturning common sense that larger particles,

lower flow rates, and smaller, narrower channel sizes will make particle separation easier, and
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demonstrate a device for selective single-particle isolation and patterning. I fabricated a simple
chromium circular trap microelectrode array on a glass substrate with ITO counter electrode to
form an omni-directional DEP force to the center of the circular trap as well as to easily observe
behaviors of particles while trapping and patterning. I demonstrate trapping experiments with
micro- and nano-sized polystyrene beads as model particles that are currently used in the field of
drug delivery due to their ease of surface functionalization, drug loading capacity, and stability in
biological media [50-52]. Using the developed trap device, individual particles were selectively
trapped on each circular trap in an array by negative DEP (n-DEP) force with various channel
height and velocity of particles. The particle trapping efficiency was evaluated according to the
height of the microchannel structure, and individual particle trapping behaviors were observed
according to the velocity and position of the particles around the trap. In addition, selective
trapping experiments for various sizes of micro- and nano-sized particles were performed and

compared.
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4.2 Micro particle trapping and patterning

Figure 33 shows the schematic illustration of the dielectrophoretic corral trap system in
which an AC signal is applied to the electrodes. The DEP forces are generated by an introduced
AC signal on the trap electrode and counter electrode located at the bottom and top side of the
microfluidic device. Before the AC signal is applied, particles suspended in media are freely
traveling by fluid flow introduced by the syringe pump. When the AC signal is applied, the

particles around traps are trapped in the circular trap area by negative DEP forces.
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Figure 33. Schematic illustration of the dielectrophoretic corral trap system for particle isolation and

patterning.
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4.2.1 Numerical analysis to trap 2 pm particles

Firstly, the trapping of 2 pum radius polystyrene particles was observed. Figure 34
represents the numerically simulated direction and magnitudes of the negative DEP force around
trap when 1Mhz 8Vp-p was applied on the 40 um circular trap electrodes to trap a 2 um radius
polystyrene particle. In the figure, the particle was intentionally inserted for better understanding.
Each arrow represents the magnitude of the negative DEP force to the particle at the position and
illustrates the circular trap provides omnidirectional and symmetrical characteristics of the DEP
force to trap particles. As shown in the figure, the particle is pulled toward the center of the circular
trap where the electric field gradient is lowest by applying the negative DEP force. Outside the
electrode of the trap, the DEP forces are pointing outward, which is a critical element for selective
trapping of the particles depending on velocity, physical, or electrical characteristic of the particles.

Figure 35 presents the calculated negative DEP force on a 2 pm radius particle around a
trap. For X-axis DEP forces of the graph, negative values indicate the X-axis DEP force acting in
the left direction, and positive values indicate the X-axis DEP force acting in the right direction.
The X-axis DEP force acts to reduce or increase the movement of particles in the channel, and the
balance of the X-axis DEP forces hold particles trapped within the trap in place. The X-axis force
has a repulsive force outside the circular trap and converges to the center inside the trap. For Z-
axis DEP forces, negative values represent downward Z-axis DEP force that closer to the trap
surface, and positive values represent upward Z-axis DEP force. The downward Z-axis DEP force
acts together with the gravity, and thus pulling the floating particles in the channel toward the
surface of the trap and holding the trapped particles on the bottom of the trap. In the graph, the Z-
axis force is directed vertically upwards from the surface around the rim, and downwards from

inside the trap. As particles moving in the direction of X-axis travel into the trap, they are centered
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by symmetrical Y-axis forces on both sides, so the Y-axis force at the center is negligible compared

to the X- and Z-axis forces.
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Figure 34. Simulated electric field and DEP force direction on a 2 pm radius polystyrene particle around a
trap. For negative DEP forces, the bead is aligned at the center of the electrode by the omnidirectional DEP

forces.
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Figure 35. Calculated negative DEP force on a 2 pm radius particle around a trap.
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4.2.2 Trapping 2 pm polystyrene particles

Figure 36 and Figure 37 show the results of trapping experiment using 2 pum radius
polystyrene particles. The particles in the medium are flowing through the microchannels with no
applied voltage on the trap electrodes. When the AC 1 MHz 8 V peak-t0-peak Of electrical signal was
applied on the electrodes with 40 um traps and 40 pm gaps, the 2 pm particles were captured and
immobilized in each circular trap by the negative DEP force as shown in Figure 37. Since there is
flow pushing the particles from the inlet to the outlet direction, the trapped particles are held

slightly offset from the center in the direction of balancing the fluid flow and the DEP force.

Figure 37. 2 um polystyrene particles were trapped in each trap.
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4.3 Trapping efficiencies with various channel heights and

velocities

I explored the efficiencies of the DEP trap as the channel height was varied. I have
investigated the optimal channel structure for trapping by changing the height of microchannel of
the trap devices. The height of the trap device microchannels varied with the height of the PET
spacers (5600, 5601, 5603, Nitto Denko Co, Japan) used in the microchannel fabrication process.
I fabricated devices with 5, 10, 20, 30, and 40 um heights, respectively, and performed 2 um radius
polystyrene microparticle trapping experiments.

Figure 38 shows trapping efficacies for particles traveling through seven 40 um circular
trap arrays in series at 5, 10, 20, 30, and 40 pm height channels when 1 Mhz 8V cak-to-peak Was
applied on the trap electrodes. Particles that were free to move along various fluid flows within
the channel of each height device were trapped by the n-DEP force. The velocities of the trapped
particles and untrapped particles were recorded as binomial. The binomial outcomes of trapping
efficiencies were fitted using R package 'mgcv' [53, 54]. As shown in Figure 38, each 5, 10, 20,
30, and 40 um height channels had a maximum efficiency of 0.177 at 207 um/s, 0.285 at 223 pum/s,
0.489 at 290 um/s, 0.783 at 466 um/s, and 0.407 at 286 um/s respectively.

Figure 39 shows the counts of trapped particles and total efficiencies at each channel height.
The total efficiencies were evaluated from the ratio of trapped particles to untrapped particles in
each trap device, regardless of the velocity of the particles. For each 5, 10, 20, 30, and 40 pm
height channels, 174, 208, 230, 234 and 230 of 2 um polystyrene particles were analyzed and the

efficiency of each channel was 13.22, 12.5, 23.48, 55.56, and 25.22% respectively.
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Figure 38. Trapping efficiencies of 5, 10, 20, 30, and 40 um height channels for 2 um radius

particles with various velocities.
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Figure 39. Histogram graph presents the number of the trapped 2 um radius particles with 5, 10, 20, 30, and

40 pm height channels.
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4.3.1 Comparison of the DEP forces according to the channel heights

In order to compare the trapping efficiency at each channel height with the magnitude of
the X-axis and Z-axis DEP forces, a numerical simulation was performed. Figure 40 shows the X-
axis DEP forces exerted on 2 um polystyrene particles at the surface of each height channel. The
strongest X-axis forces toward inside at the edge of the electrode at each 5, 10, 20, 30, and 40 um
height channel traps were 0.76, 0.59, 0.3, 0.18, and 0.12 nN, respectively. The DEP forces of the
X-axis for particle trapping were analyzed to be stronger at lower channel heights.

Figure 41 shows the Z-axis DEP forces exerted on 2 um polystyrene particles at the center
of the surface of each height channel. The strongest Z-axis forces pulling particles toward the
bottom of the trap center at each 5, 10, 20, 30, and 40 pm height channel traps were 62.5, 35, 17.25,
10.5, and 7 pN, respectively. As same as the DEP forces of the X-axis, the DEP forces of the Z-
axis for particle trapping were analyzed to be stronger at lower channel heights.

According to this simulation, DEP forces at all positions for trapping particles were
analyzed to be stronger as the channel height was lowered. This is because the electric field formed
in the channel becomes stronger as the distance between the chromium electrode and the ITO
counter electrode becomes closer. However, the trapping efficiencies at each channel height in the
previous section were not agreed with the increasing strength of the X- and Z-axis DEP forces as
the height was lowered. Therefore, it is necessary to analyze the particle behavior when the

particles are trapped or untrapped in the trap of the channel.
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Figure 40. Comparison of the X-axis DEP forces according to the channel heights.
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Figure 41. Comparison of the Z-axis DEP forces according to the channel heights.
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4.4 Particle height identification

Since an optical microscope can only acquire two-dimensional images of particle
movements, in order to analyze the behavior of three-dimensional particle movements, a method

was needed to identify the height of the particles obtained from the experimental images.

4.4.1 Image-matching method

The image-matching method was used to determine the height of the particles in the
medium of the trap device [55, 56]. The main concept of the image matching method is to match
the standard images of a particle of known height with the images of a sinking particle. First, a 2
um radius particle on the surface of the device were focused by the microscope. Then, images of
the particle with increasing height by 500 nm by the microscope stage were recorded. To record
images of the sinking particle, a particle solution was dropped on the electrode surface of the
device and the counter electrode was fixed, and the images were immediately recorded. The images
of the sinking particles were recorded at 5 frames per second using the high-speed camera. The
two recorded images were matched to obtain the particle height of each image frame of the settled

particles as shown in Figure 42.
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Figure 42. Particle height determination by image-matching method.
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4.4.2 Generation of defocused microbead images

Microbead images at different heights above the bottom electrode were generated using
the theoretical point spread function (PSF) for the optical imaging setup. The microscope objective
is an air objective (LMPlanFL N 20x; Olympus) with a numerical aperture of 0.40 and a working
distance of 12 mm, designed for use without a coverslip. In order to account for the insertion of a
ITO coverslip between sample and microscope objective in the experiments, the theoretical PSF
was calculated using rigorous vectorial theory that allows for up to three stratified media
(immersion medium, coverslip, and sample medium) and properly accounts for mismatches in
coverslip thickness as well as refractive indices relative to the design values parameters [57]
(PSFLab version 3.5, OneMolecule; psflab.app). The point spread function of the experimental
setup was approximated by the illumination point spread function, assuming uniform illumination
with plane polarized light at a wavelength of 550 nm. The following actual refractive indices were
used for the calculation: 1 for the immersion medium (air), 1.52 for the coverslip (BK-7 glass
covered with a thin ITO layer, assumed to have negligible contribution to the refractive index),
and 1.33 for the sample (approximated as pure water); the actual value of the coverslip thickness
was set to the experimental value of 1.1 um. A design value of 1 was used for the refractive indices
of both immersion medium and coverslip, which effectively disables the coverslip layer in the
design case (the design value for coverslip thickness is then without influence and arbitrarily set
to 1 nm).

In the experiments, the microscope objective was focused onto the bottom electrode. This
focusing step was simulated in a 1D PSF calculation along the optical axis using PSFLab's scan
mode, which allows to determine the proper placement of the sample relative to the microscope

objective. In scan mode, the objective is moved relative to the sample, and the intensity of a
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(hypothetical) on-axis point probe located at a fixed depth from the sample-coverslip interface is
displayed as a function of that movement (specified by the coverslip position). The point probe
depth was set to the height of the channel (30 um), which puts it on the surface of the bottom
electrode. The point of highest intensity - which we will define as the focus - was obtained for a
coverslip position of a =- 365.35 um. The "a" and "z" axis are antiparallel and share the origin.

This value was subsequently used for generating a real-space map of the 3D PSF. For the
final image convolution step, the XY coordinates were set to use the same pixel spacing as the
experimental images (0.35 um / pixel), and covered a range from - 10.5 to + 10.5 pm (31 points)
in both X and Y directions. The Z range extended from 365.35 um (sample-coverslip interface) to
395.35 um (bottom electrode) in steps of 508.5 nm; all other computational parameters were the
same as before.

The original, undistorted bead image was obtained from the deconvolution of an
experimental in-focus bead image with the 2D PSF of the focal plane (bottom electrode). For this
purpose, the in-focus bead image (taken with a color camera) was converted to an intensity image
by summing the values of the red-green-blue (RGB) color channels, and the resulting grayscale
image was intensity-inverted, centered, and cropped to 50 x 50 pixels. The deconvolution was
carried out using the Richardson-Lucy algorithm [58, 59] with a regularization constraint based on
total variation [60] as implemented in DeconvolutionLab2 [61], using a low level of regularization,
a cap of 150 iterations, and a non-negativity constraint. The resulting image was then convolved
with the individual Z slices from the calculated 3D PSF to obtain the defocused bead images at the
different heights within the channel. In order to reduce convolution artifacts due to the square

geometry, the PSF Z slices were circularized by setting values in the corner areas to zero.
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Figure 43. Comparison of IM and PSF height determine methods
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4.4.3 Numerical simulation of particle sedimentation

The sedimentation of the particles settling to the bottom of the microfluidic device is the

interaction of gravity and buoyancy [55, 62] as

4
FSedimentation = FGravity + FBuoyancy = gﬂrg (pParticle - pMedium).g (8)

where r is the radius of the particles, ppgrticie 1S the density of the particles, pyeqium 1 the density

of the medium, and g is the gravity constant. During particle sedimentation, the initial height

equation of a mass m can be described as

du
m 2t U'sedimentation + FViscosity )

where m is the mass, u is the sedimentation velocity. According to the Stokes’ law, the viscosity
of the sphere can be expressed as [63]

Fyiscosity = 6mrnuk (10)
where the 7 is the dynamic viscosity of the medium and K is the correction factor of Stokes’ law
when a sphere particle is approaching a long plane surface in perpendicular. The correction factor
Kis

K= a% (11)
where a is a constant determined by the size and density of the particle, / is the gap between the
surface of the plain and the particle.

The equation of this Stokes’ law was numerically analyzed by COMSOL Multiphysics
(V5.3. COMSOL Inc, Sweden) with particle tracing module include wall corrections. The fluid
flow in the channel was assumed to be stationary, and the time-dependent location of the 2 pm
radius particle from the 25 pum height to the surface was analyzed using the time-dependent solver.

Figure 44 shows the time-dependent sedimentation position of the particle calculated by the
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numerical analysis. The results of the numerical analysis are comparable to the two methods

described above.
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Figure 44. Numerically calculated time-dependent sedimentation of a 2 um radius particle.
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4.5 Trapping behavior around the trap

I analyzed the behaviors of the particle movements around the trap in 30 pum channel height
which has the highest trapping efficiency. To analyze the behavior of the particles around the trap,
I first classified the trapped particles and the untrapped particles. Figure 45 presents a scatter plot
of trapped and untrapped 2 um radius particles with heights and velocities in 30 pm height channel.
Trapped particles are marked with an O symbol, and untrapped particles are marked with an X
symbol. Each of six independent experiments showed reproducibility for the pattern of trapping
and it is observed that particles are trapped with specific ranges of height and velocity within the
channel. For example, particles with a velocity of less than 300 um / s and a height of less than 5
um were not trapped, and particles faster than 700 um / s were not captured at any height.
Velocities between 200 um / s and 650 um / s had both trapped and untrapped particles, and
untrapped particles were located at higher height locations than trapped particles. The height of
the trapped particles decreased as the velocity of the particles increased. Also, as the velocity
increased, the lowest height of the untrapped particles was also lowered.

The behavior of the trapped particles and the untrapped particles around the trap can be
explained by the following cases as shown in Figure 46. The trapped particles have two cases of
behaviors. When particles are moving in an appropriate velocity and enough height to be pulled
down by the Z-axis of the DEP force and to avoid the repulsive force of the Y-axis, it would be
pulled down and trapped as Figure 46 A. When particles are moving in an appropriate velocity and
lower height (not on the surface), it would be lifted by the Z-axis repulsive force avoiding the X-
and Y-axis repulsive force around the edge and trapped by the Z-axis pulling force as Figure 46 B.
In addition to the cases of trapped, the untrapped particles also have two cases of behaviors. When

particles move too fast to be trapped, the particles are untrapped because the trapping force could
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not overcome the kinetic energy of the particles, or when particles are moving at a too high location
from the trap, it would be untrapped because the Z-axis pulling force decreases as the height of the
particles as shown in Figure 46 C. When particles are moving in a slow velocity, the particles are
sunk toward the surface by the gravity. Since the low velocity, it would be hard to overcome the
repulsive Y-axis DEP force at the edge of the trap, it can be pushed by the repulsive force near the
edge of the trap, therefore, the particles are bypass the trap as shown in Figure 46 D. In the next

section, the behavior of the particles was experimentally analyzed and discussed.
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Figure 45. Scatter plot of trapped and untrapped 2 um radius particles.

Figure 46. Behavior of particles around trapped. (A, B) Trapped particles, (C, D) Untrapped Particles.
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4.5.1 Particles near surface

Figure 47 presents behaviors of particles moving at low velocities which are gravitationally
sunk toward the surface. Since the low velocity, the particles having difficulties overcoming the
X-axis repulsive force. Also, since it is difficult to approach the exact center of the outer arch of
the trap which has the symmetric Y-axis force, the repulsive force eventually forces the particles
to bypass the trap. Particles approaching away from the center of the X axis of the trap will be
bypassed faster than the particles approach the X axis center of the trap. Also, since the Z-axis
repulsive forces outside the trap are directed upward, some particles could be lifted from the

surface while bypassing the trap.
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Figure 47. Trajectories of particles near the surface.
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4.5.2 Trapped and untrapped particles

Figure 48 and Figure 49 show the behavior of the trapped and untrapped particles. When
particles pass over the trap, the Z-axis force pushes the particles upward at near the edge and pulls
the particles down at inside of the trap. Since the upward repulsive force decreases with the Z-
height position of the particle as shown in Figure 50, the downward pulling force in the trap acts
together with gravity to pull the particle towards the bottom of the trap when the particles are at
an appropriate height.

The particles in the lower initial position in Figure 48 were relatively faster compared to
the particles in the higher initial position but were trapped because they received stronger pulling
forces downward. In addition, the particles in the higher initial position are affected by the
relatively lower pulling forces; however, the particles move at the lower velocity were trapped
since the particles were affected longer by the trapping force.

Figure 49 shows the behavior of untrapped particles, which are either faster at the same
height or higher location at the same velocity than trapped particles in Figure 48 except for the
particle near the surface.

The comparison of a trapped particle and two untrapped particles at similar heights is
shown in Figure 51. The velocity of the black particle was 596.48 um/s with the initial height of
15.57 um. It was faster than red particle which has the velocity of 425.43 um/s with the initial
height of 14.96 um. In addition, the initial height of the blue particle was 13.69 pum which is lower
than the height of the red particle, however, the velocity of the blue particle was 648.37 pum/s,

which is faster than the red particle, therefore was not trapped.
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Figure 49. Trajectories of untrapped particles.
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4.6 Various size of particles trapping

4.6.1 Work calculation

To quantify and analyze the correlation between the velocity of particles and the trapping
force of the trap, the amount of total work stopping the particle was calculated. Since the particle
is stopped in the trap not only by the trapping DEP force at the final position but also continuously
influenced by the trapping DEP force from the moment it enters the trap until it stops, therefore,
the total work was calculated with distance.

Figure 52 illustrates an example of calculating work when capturing a particle in a 40 um
DEP trap. The particle in the figure was moving from left to right along the fluid flow and stopped
at 2.5 um away from the edge of the trap by the DEP trapping force. Here, the work for capturing
the particle was calculated by integrating the DEP force at the position where the particles stopped

from the center of the trap, that is, a distance of 17.5 um from the center of the trap.
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Figure 52. Schematic illustration of work calculation.
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4.6.2 Properties of polystyrene particles

In order to calculate trapping forces of particles using the DEP trap, quantitative
information of physical and electrical properties of particles are needed. Figure 53 shows the real
part of Clausius-Mossotti factors for the particles used in the trapping experiment, calculated for
frequencies ranging from 1 kHz to 10 MHz. The Clausius-Mossotti factors were plotted for each
frequency after experimentally finding the crossover-frequency of each particle. Particle sizes used
in the experiments were 200 nm, 500 nm, 1000 nm, 2 pm, 3 pm, and 5 pm radii and experiments

and calculations were performed on DI water with a conductivity of 2 uS / cm.
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Figure 53. The real part of Clausius-Mossotti factors of particles with frequencies.
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4.6.3 Calculation of DEP forces in various sizes of particles

The numerical analysis of DEP forces for each 200 nm, 500 nm, 1000 nm, 2 pm, 3 pm,
and 5 pm radii particle in the DEP trap were also conducted to quantify the work required to trap
particles under the applied electric fields. Based on the real part of Clausius-Mossotti factors
calculated in the previous section, the n-DEP forces in the X-axis where each size particle is
affected at each position of the circular DEP trap were calculated through the FEA numerical
simulation as shown in Figure 54. The voltage applied to the trap electrodes was fixed as 1 MHz
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Figure 54. X-axis DEP forces in various sizes of particles.
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4.6.4 Trapping various sizes of particles

In order to further investigate the trapping capability of the DEP trap system, trapping
experiments of various sizes of particles were performed under the same conditions. In this
experiment, 200 nm, 500 nm, 1000 nm, 2 um, 3 um, and 5 um radii particles were used.

Figure 55 presents the velocities of particles and required work to trap the particles. Herein,
bigger particles were captured with higher velocities. Each 200 nm, 500 nm, 1000 nm, 2 pm, 3 um,
and 5 pum particles were trapped with the fastest velocity of 13.14, 65.79, 147.37, 442.1, 814.03,
and 1494.71 um / s, respectively. In a similar trend, trapping bigger particles needed more work
to be captured due to their high velocity. In terms of the work needed, for the 200 nm, 500 nm,
1000 nm, 2 um, 3 um, and 5 pm particles, 1.16 x 1071%,3.56 x 1018,2.22 x 10-'7, 1.69 x 10716, 5.28
x 10716, and 2.16 x 10"15 N - m was required to trap the fastest particle, respectively. The regression
of the data is in great agreement with a linear model in 0.9937 of R-Square value. It can be
explained that DEP trapping force needed in the DEP trap system is closely related to the radius
of the particles when other variables are controlled. In addition, none of the velocity regions
overlap, suggesting the possibility of using velocity differentials to separate different sized

particles within the DEP trap system.
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Figure 55. Trapping various sizes of particles.
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4.6.5 Verification of single nanoparticles

Because it is difficult to observe small nanoparticles using conventional optical
microscopes, the 200 nm nanoparticles used in the previous section were used fluorescent-dyed
particles (CFP-0558-2, Spherotech, USA) and were observed under a fluorescence microscope in
the experiment as shown in Figure 56. The yellow arrows were inserted to indicate trapped
particles. However, since it is difficult to determine that the particle observed with fluorescence
was a single particle, the singleness of the 200 nm particles was evaluated. Firstly, the 200 nm
nanoparticles were trapped by positive DEP (1 kHz, 10 V peak-to-peak) at the edge of the trap as shown
in Figure 57. Thereafter, the inlet of the microfluidic channel was disconnected and the fluid in the
device was evaporated for 5 hours at room temperature. The counter electrode of the dehydrated
device was removed, a 10 nm of Au / Pd layer was deposited by sputtering (Desk II metal sputter
/ sample coater, Denton Vacuum, USA) on the surface of the device with nanoparticles attached.
The devices with metal deposited on the surface were observed by scanning electron microscope
(SEM, JSM-6460LV, JEOL Ltd. Japan). As shown in Figure 58, the 200 nm particles used in the

trapping experiments were observed as single particles.
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Figure 56. 200 nm particles trapped in the DEP trap by n-DEP.

Figure 57. 200 nm particles trapped in the DEP trap by p-DEP.
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Figure 58. SEM images of 200 nm particles on the trap.
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4.7 Selective single particles trapping among mixture

In order to evaluate whether the trap can selectively isolate and immobilize specific target
particles in the mixture, selective single particle trapping experiment was performed. A mixture of
1, 2, and 3 pm radii polystyrene particles in the medium are flowing through the microchannels
freely by the flow with no applied voltage on the trap electrodes as shown in Figure 59.

When the AC 1 MHz 8 Vpeak-to-peak of the electrical signal was applied on the trap
electrodes, only the 2 um particles around 400 pm/s velocities were captured in each trap by the
negative DEP force as shown in Figure 60. Since the electric field distribution around each
dielectrophoretic trap capturing a particle does not differ in the trap array, the same electrical and
physical characteristics particles could be trapped in each trap under exact operation condition.
After that, the AC electrical signals of the electrodes were removed, then trapped particles allowed
the trap to escape. Thereafter, the flow rate of the mixture fluid in the microchannel was increased
to about 650 um/s, and the same AC electric signal was applied to the electrodes. At the increased

flow rates, only 3 um particles were successfully trapped as shown in Figure 61.
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Figure 59. Flow of 1, 2 and 3 um particle mixture when no voltage is applied.

Figure 60. Isolation and immobilization of 2 pm particles.

Figure 61. Isolation and immobilization of 3 pm particles.
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Chapter 5

Conclusion
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In this dissertation, a dielectrophoretic microfluidic trap device was developed and
performed to separate and immobilize micro- and nano-particles in a single particle level. Based
on the finite element analysis numerical simulation, the direction and amplitude of the
dielectrophoretic force field were generated and the position of the trapped particles within the
trap was evaluated according to the shape of the trap structure. An array of circular DEP traps
enabled precise control of the electric force field by its symmetric and omnidirectional trapping
properties. Trapping conditions such as the geometrical structure of the microchannel, particle
velocity, particle size, and work required for targeted single particle trapping with optimal trapping
efficiency were derived based on both numerical and experimental approaches. Using the
developed microfluidic DEP trap device, the desired size particles from mixture were able to be
isolated, trapped and immobilized.

The developed method to selectively trap the single particles and cells will enable further
in-situ isolation and separation of the organelles from captured cells to perform various analysis
related to biomedical applications. Moreover, the accomplishment of the study will significantly
advance the separation and identification of single particles and molecules, such as DNA, by
circumventing the drawbacks of current ensemble techniques which use the average of the massive
number of events. Furthermore, multiple target objects can be analyzed in parallel by arranging

traps into grid arrays, which is easily achieved by the photolithographic fabrication.
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