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ABSTRACT

Dielectrophoresis (DEP) is the motion of a dielectric particle in an aqueous solution due to the
polarization effects in a non-uniform electric field. Due to its property of label-free, scalable, and capable
of generating both negative and positive forces to manipulate bio-particles, DEP shows crucial applications
in various biological and clinical analysis such as trapping, sorting, separation and characterization of micro
and nanoparticles, cells, viruses, bacteria, and DNA. However, to date, the traditional DEP techniques
involve the issues of complex fabrication of arrays of the embedded microelectrodes, particles clogging,
low sensitivity and resolution, as well as the Joule heating effect with high electric fields applied.

This thesis investigates and develops a novel dielectrophoretic platform for the asymmetric-orifices
based manipulation and separation of nanoparticles and micron droplets, as well as characterization and
identification of droplets and biological cells by the pressure-driven flow in the polydimethylsiloxane
(PDMS) microchannels. At the beginning of this thesis, a nano-orifice based dielectrophoretic microfluidic
chip is developed. In such a chip, the non-uniform electric field is generated by applying the electric field
via a pair of asymmetric orifices, a small orifice on one side of the channel walls and a large orifice on the
opposite side of the channel walls. In order to obtain a strong gradient of the non-uniform electric fields,
i.e., a large width ratio between the small orifice and the large orifice, a small microchannel or a
nanochannel fabricated by the solvent-induced cracking method is used to form the small orifice. The

electric field and the flow field inside the channel are simulated and studied.

Then two fundamental research projects are conducted on the nano-orifice based direct current (DC)
DEP microfluidic chips to investigate the separation of the nanoparticles and Janus particles in
microchannels. In the first research project, the size-dependent separation of micro and nanoparticles and
the separation of similar size nanoparticles by type are studied. The Clausius-Mossotti factors of the
particles as a function of the electrical conductivity of the suspending medium are discussed, and the effects
of the applied electric field, the flow rate as well as the width and length of the small orifice are investigated.
The experimental results of the particle trajectory show good agreements with the numerical simulation
results. Distinguishing of nanoparticles as small as 51 nm and 140 nm, as well as 140 nm polystyrene (PS)
and 150 nm magnetic nanoparticles with high separation resolution, have been achieved. In the second
research project, the dielectrophoretic manipulation and separation of the Janus particles are numerically
investigated. Effects of the strength of the electric fields, as well as the coating coverage, thickness, and
electrical conductivity of the Janus particles on their DEP behaviors and trajectories under DC electric field

are systematically studied. The effect of the coating thickness of the Janus particles on their



dielectrophoretic behaviors is negligible when using the DC-DEP method and the Janus particles with gold

coating coverage over 50% will experience positive DEP effects.

Afterward, the manipulation and separation of the oil and ionic liquid (IL)-in-water emulsion droplets
are investigated under DC electric field in the asymmetric orifice based microfluidic chips. The effects of
the type and content of the oil droplets and the ionic concentration and types of the electrolyte solutions on
the trajectories of the emulsion droplets are analyzed. By using the pressure-driven flow and a stream of
sheath flow, the mixed emulsion droplets move closely to the vicinity of the nano-orifice and experience
the stronger DEP effects. As the magnitude of DEP forces exerting on the droplets is determined by the
size of the droplet, the separation of smaller silicone oil droplets with a small size difference of only 3.5
M is demonstrated. By selecting the surrounding solution with a specific electrical conductivity, the
separation of the emulsion droplets of similar size but different contents is achieved by opposite DEP effects,
i.e., p-DEP and n-DEP, respectively, providing a platform to manipulate different kinds of emulsion
droplets carrying different biomolecules or bioparticles.

Lastly, by using the alternating current (AC) DEP microfluidic chips, the tunable characterization and
identification of droplets and biological cells are investigated. To generate DEP forces, two electrode-pads
are embedded in a set of asymmetric orifices on the opposite sidewalls to produce the non-uniform electric
fields. In the vicinity of a small orifice, the cells experience the strongest non-uniform gradient. The effects
of the strength and frequency of the applied AC electric field, as well as the ionic concentrations, i.e.,
different electrical conductivities on their DEP behaviors, are investigated, respectively. By adjusting the
frequency and strength of the AC electric field, the separation of live and dead yeast cells, as well as the
cells with the targeted diameter and dielectric property, are achieved. To evaluate the critical frequency of
the specific droplets and cells and manipulate the targeted cells, a microfluidic system is developed to
measure the lateral distance between the cells center and the centerline of the main channel as a function of
the AC frequency. The trends of measured lateral migrations of yeast cells are similar to the corresponding
Clausius—Mossotti (CM) factors. This system provides a method to characterize the crossover frequency of

the specific cells and manipulate the targeted cells.

This thesis provides the microfluidic research platform with a comprehensive working procedure for
the asymmetric orifice based DEP microfluidic applications. The fundamental studies in this thesis expand
our understanding of the dielectrophoretic behaviors of the nanoparticles, micron droplets, Janus particles,
and the biological cells and overcome the shortcomings of the conventional DEP methods, and the
microfluidic systems developed on the asymmetric orifice based dielectrophoretic chips open a new avenue

to nanoparticles separation as well as biological cells characterization.
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CHAPTER 1 Introduction

1.1 Background and Motivation

The rapid development of micro total analysis systems (T AS) and lab-on-a-chip (LOC) devices has
attracted growing interest in recent decades *. LOC systems bring miniaturization, parallelization, and
integration to the analyses and applications in chemical, biological and clinical fields *. One of the crucial
applications is the continuous and accurate manipulation of particles and droplets "%, such as bacteria -
18 protein %21, DNA 22, virus 222 and cells 2728, Among the various technologies that have been developed
and utilized to manipulate particles in microfluidic systems, such as mechanical, optical, magnetic, thermal,
chemical, acoustic and electrical methods 2°-%, dielectrophoresis (DEP) may be the most popular method
because it is label-free, scalable, and capable of generating both negative and positive forces.

DEP means the induced movement of a polarizable particle in the non-uniform electric fields. For the
particles whose polarizabilities are higher than that of the suspending solution, they experience the positive
DEP (p-DEP) forces and move toward the area of the strongest electric fields. Otherwise, the particles
undergoing the negative DEP (n-DEP) effects are pushed away and move toward the weak electric field
region if they have lower polarizability than that of the surrounding medium. Both the p-DEP and n-DEP
effects have been widely employed for the manipulation and sorting of the particles and biological cells.
The non-uniformity of the electric fields can be produced by applying the alternating current (AC) electric
field to arrays of electrodes with patterned structures, which are inserted in the microfluidic channel 7%,
The non-uniform electric field can also be induced by employing direct current (DC) electric fields via the
external microelectrodes through the electrically insulated microchannel with various constricted structures

(e.g., hurdles or obstacles) 31,

Generally, the DC-DEP methods can be used not only for particle manipulation by size but also for
separating particles by their electrical properties, and the insulator-based DC-DEP approach requires simple
fabrication, avoids the electrochemical reaction on the electrodes, and provides a chemically inert platform.
However, high voltages are typically required for DC-DEP to induce sufficiently strong DEP forces. The
high voltages applied through the whole microchannel (end to end) may induce Joule heating inside the
microchannel. This effect may limit their applications to manipulate biological particles and decrease the
performance of the microfluidic chips #2. The viability of cells can be affected by varying temperature inside
the microchannel, and a 4 <C temperature increase above the cell physiological temperature can lead to cell
death 2. Furthermore, due to the limitation of the microfabrication techniques, the smallest space formed
by the insulator hurdles/obstacles in the microchannel is relatively large, typically tens of microns.

Consequently, the resulting gradient of the non-uniform electric field is not sufficiently high. This is a key



reason that the existing DC-DEP methods cannot be used for the separation of particles with a size

difference smaller than a few microns and particles smaller than 500 nm 16:17:43-45,

As the magnitude of the DEP forces is proportional to the diameter of the particles and droplets %, the
manipulation and sorting of the particles and droplets by size are straightforward. Generally, different kinds
of particles or droplets have different but unique dielectric signatures. Such a distinct dielectric
characteristic is widely used to sort and characterize the targets by means of AC-DEP. To induce the
inhomogeneous electric field, that is, the DEP effects, microelectrodes of various structures and dimensions,
as well as ionic liquid electrodes #” and liquid metal electrodes “84° with different configurations and shapes
in the desired pattern, are usually integrated into the microfluidic systems . Traditionally, electrode-based
AC-DEP microfluidic devices can generate a strong non-uniform electrical field by applying a low
electrical voltage and avoid electrokinetic flow over the whole microchannel. However, these current AC-
DEP methods involve issues of complicated fabrication of microelectrodes in microchannels with patterned
structures and electrochemical reactions on the surface of electrodes. Furthermore, because of the challenge
of producing a high gradient of the non-uniform electric field, these methods always involve high electrical
potentials, which require expensive amplifier instruments %2, Moreover, in the AC-DEP methods, by
modifying the frequency of the applied ac electric fields, various particles, soft droplets, or bioparticles will
show different DEP behaviors. The key parameter of the transition between p-DEP and n-DEP effects is
named as the crossover frequency, where the DEP forces are zero. This important AC-DEP characteristic
is reflected by the Clausius—Mossotti (CM) curve for each kind of particle. As the crossover frequency
depends on the electrical properties of the particles and surrounding solution, this unique information can
be utilized to optimize the characterization and separation schemes 5355, Nevertheless, it is difficult to
calculate the CM factor of the particles, cells, or biomolecules and to find the corresponding crossover
frequency, owing to the heterogeneous structures in biological cells, complex compositions, and charging
distributions *°. As a consequence, it is highly desired to develop a dielectrophoretic microfluidic chip to
achieve the high-throughput separation of particles with high sensitivity and resolution and to provide a

platform to characterize the critical frequency of biological cells.

1.2 Research objectives

The major objective of this thesis is to solve the above-mentioned challenges in conventional
dielectrophoresis (DEP) chips and to provide a novel microfluidic platform to theoretically and
experimentally investigate the dielectrophoretic motion and behaviors of the particles, droplets and
biological cells in suspension. To achieve a high manipulation sensitivity and separation resolution, the
asymmetric-orifices based polydimethylsiloxane (PDMS) microchannel is developed. As an important

extension of this major topic, on-chip identification of the droplets and biological cells using the lateral
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migration measurement technique will be explored and demonstrated. Overall, the asymmetric-orifices
based microfluidic devices will be developed for the separation and characterization of the particles and

biological cells using dielectrophoresis and pressure-driven flow.

1.3 Thesis outline

This complete thesis comprises the following 7 chapters and the structure of this thesis is shown in
Figure 1-1.

Ch 1) Introduction
|

Ch 2) Literature Review

Research Approach

|
Ch 3) Fabrication of Nano-orifice Based Dielectrophoretic Microfluidic Chip
|
Ch 4) Continuous Separation of Nanoparticles and Janus Particles with DC-DEP
I
Ch 5) Continuous Manipulation and Sorting of Microemulsion Droplets by DC-DEP
|
Ch 6) Tunable Characterization and ldentification of Droplets and Biological Cells by AC-DEP

Ch 7) Conclusions and Future work

Figure 1-1 Outline of the thesis.

CHAPTER 1 gives a brief introduction to the background, motivations, and a statement of the
problems of this thesis. A general review of the rapid development of microfluidic technologies and the
latest applications of the lab-on-a-chip (LOC) devices are presented. The manipulation of particles using
dielectrophoretic methods is specifically discussed.

CHAPTER 2 reviews general electrokinetic phenomena, such as the classical theories of the electric
double layer (EDL), electrophoresis (EP), electroosmosis flow (EOF), and dielectrophoresis (DEP), which
are related to a variety of particle manipulation in microfluidic chips. These various applications with

dielectrophoresis will be focused on with special attention.

CHAPTER 3 demonstrates the fabrication of asymmetric-orifices based dielectrophoretic microfluidic
chips. This chapter starts with the generation of the non-uniform electric field, i.e., dielectrophoretic forces,

by applying the electric field via a pair of asymmetric orifices, a small orifice on one side of the channel
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walls and a large orifice on the opposite side of the channel walls. In order to induce a strong gradient of
non-uniform electric fields, i.e., a large width ratio between the small orifice and the large orifice, a small
microchannel or a nanochannel is used to form the small orifice on one side of the microchannel walls. In
this part, the creation of the small micro-cracks or nanocracks on polystyrene surface and the fabrication of
positive small microchannel or nanochannel molds are presented. The microfluidic chip was made by
bonding a top PDMS layer having the microchannel structure with a bottom polydimethylsiloxane (PDMS)
layer having a single small microchannel or nanochannel. Then, the effects of the structures of the
asymmetric orifices and the strength of the electric fields on the gradient of the non-uniform electric field

are numerically analyzed and summarized.

CHAPTER 4 presents the experimental study of direct current (DC) DEP size-dependent separation
of micro and nanoparticles and separation of similar size nanoparticles by type, as well as theoretical
analysis of the behaviors of the Janus particles under DC electric fields. The motion of particles is controlled
by pressure-driven flow, and a local DC electric field is employed to induce a non-uniform electric field
via a pair of asymmetric orifices on opposite channel walls. The particle mixture experiences the DEP effect
when passing through the vicinity of the small orifice where the strongest electric field gradient exists and
the mixed particles deviate from the streamline into two different streams and moved into two individual
outlet channels. The effects of the strength of the electric field, flow rate and structure of the small orifice
upon the separation resolution of the nanoparticles, and the effects of the applied electric fields, as well as
the coating coverage, thickness, and electrical conductivity of the Janus particles on their DEP behaviors
and trajectories are systematically studied. The PDMS microfluidic chip is able to separate nanoparticles
as small as 51 nm and 140 nm, and 140 nm polystyrene (PS) and 150 nm magnetic nanoparticles with a

size difference of 10 nm.

As an extension of the asymmetric-orifices based DC-DEP method, CHAPTER 5 demonstrates the
practical applications of the manipulation and separation of the silicone oil and ionic liquid (IL)-in-water
emulsion droplets. Effects of the type of the oil droplets, the oil droplet content, and ionic concentration
and types of electrolyte solutions on the trajectories of the emulsion droplets are studied. The experimental
results are compared with those of the numerical simulations conducted by COMSOL software, which show
good agreement with each other. By choosing the suspension with a specific electrical conductivity, the
separation of the emulsion droplets of similar size but different contents is presented by experiencing the
oppositely positive and negative DEP behaviors, respectively. Moreover, distinguishing silicone oil

droplets with a small size difference of only 3.5 um is also demonstrated.

CHAPTER 6 describes a microfluidic system for the tunable manipulation and characterization of

droplets and biological cells combining alternating current (AC) DEP and pressure-driven flow. The



dielectrophoretic manipulation is achieved by embedding two electrode-pads in a pair of asymmetric
orifices located on the opposite walls in the microchannel to induce non-uniform AC electric fields. As
liquid flow is driven by the hydraulic pressure in the channel, biological cells are exposed to the non-
uniform electric field only when they move through the vicinity of the dielectrophoretic region and hence
the adverse effects caused by the electric field, such as Joule heating, are significantly reduced. Effects of
the strength and frequency of the applied AC electric field and ionic concentrations of the suspension on
their DEP behaviors are investigated. Mixtures of viable and non-viable yeast cells and cells with specific
size and dielectric property were successful separated. By measuring the lateral distance between the cells
center and the centerline of the main channel as a function of the AC frequency in the microfluidic chip,
the critical frequency of the specific droplets and cells were evaluated. The trends of measured lateral
migrations of yeast cells are similar to that of the corresponding Clausius—Mossotti (CM) factors, providing
a platform to characterize the crossover frequency of the specific cells and to manipulate the targeted cells.

Finally, CHAPTER 77 summarizes the major conclusions and contributions of this thesis. Some
potential directions for future studies are outlined and discussed.



CHAPTER 2 Literature Review

This chapter provides an overview of general electrokinetic phenomena, including the classical
theories of the electric double layer (EDL), electrophoresis (EP), electroosmosis flow (EOF), and
dielectrophoresis (DEP), which are related to a variety of particle manipulation in microfluidic chips.
Various applications with dielectrophoretic technologies under direct current (DC) and alternating current

(AC) electric fields are discussed. This chapter builds up a fundamental background of this thesis.

2.1 Electrokinetics

Electrokinetics refers to the motions of electrically charged or polarizable fluids and suspended
particles by electrostatic forces in the presence of an applied electric field. With the significant improvement
of micro and nanofabrication techniques, the electric field can be scaled down to the micro and nanoscale
which enables electrokinetics to be one of the most favorite methods to transport and manipulate particles
in the microfluidic channel *”. Generally, electrokinetics include electroosmotic flow, electrophoresis of

particles and the dielectrophoresis phenomenon, etc.
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Figure 2-1 Schematic illustration of the electric double layer (EDL).
2.1.1 Electric double layer theory

In microchannels, the electrokinetic phenomenon originates from the charge separation at the interface
of two different phases and is dominated by the electric double layer theory. For most surfaces, they will

acquire electric charges when contacting an aqueous solution. The charging mechanisms involved in the



formation of the surface charge are commonly ionization, ion adsorption, and ion dissolution 8. Then, the
charged surface attracts the counter-ion toward the surface and repels the co-ions away from the surface,
which results in a net charge in the region near the surface. The charged surface and a layer of liquid
containing the corresponding balancing charges lead to the electric double layer (EDL), i.e., a compact

layer and a diffuse layer (shown in Figure 2-1) .
2.1.2 Electroosmotic flow

Electroosmotic flow describes fluid motion caused by interactions between electric double layers and
the applied electric field. For a solid surface, the surface will be charged and the electric double layer will
be generated when contacting the electrolyte. Since there are more counter-ions than the co-ions, hence no
charge neutrality within the EDL, the Coulomb force acting on the net charge in the diffuse layer will lead
to the movement of the ions in the EDL when an external electric field is applied. The migration of the
mobile ions, in return, drives the liquid to flow along the channel by viscosity, resulting in the plug-like
electroosmotic flow which is illustrated in Figure 2-2. Therefore, EOF is usually utilized as a popular
method for particle transport in microchannels. In most cases, as the thickness of the EDL is extremely
small compared with the microchannel size, the EDL is normally negligible. The EOF velocity in the

microchannel is expressed by the Helmholtz-Smoluchowski (H-S) equation

€ Sr{ E (2'1)

Veor = —

where { is the zeta potential of the microchannel wall, u is the viscosity of the suspending solution, and E

is the externally applied electric field.
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Figure 2-2 Schematic illustration of the electroosmotic flow (EOF).

The electrokinetic movements of the particles, droplets and biological cells occur in the microchannel

under the externally applied electric fields in the microfluidic devices. Besides the EOF method,



hydrodynamic flow technique is another important method for particle transportation in the microchannel
networks. Generally, the motion of the particles driven by EOF is combined with other electrokinetic
phenomena which will not be discussed in this review. Then, the dielectrophoresis method and its various
applications will be demonstrated and the basic principle of this specific physical phenomenon will be

expressed in each section.
2.1.3 Electrophoresis of particles

For charged particles which are suspended in liquids under an external applied electric field, the
Coulomb force, generated by the interaction between the net charges on the particle and the applied electric
field, leads to the migration of the particles towards the direction of the opposite electric polarity as
illustrated in Figure 2-3. The movement of the charged particles is known as electrophoresis (EP). Together
with several familiar phenomena (i.e., streaming potential, colloid vibration potential, and sedimentation
potential, etc.) *°, electroosmotic flow and electrophoresis constitute the majority of the electrokinetic

phenomena.

Figure 2-3 Schematic illustration of the electrophoretic motion of a spherical particle in the microchannel.

The electrophoretic force exerting on the charged particles with a net charge g under the externally

applied electric field E is expressed as

FEP = qE (2-2)

For athick diffuse layer, the electrophoretic velocity of the spherical particle (treated as a point charge)

can be given by the HCckel equation 8

20610y E (2-3)
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where ¢, is the zeta potential of the particle. Considering a thin diffuse layer, the particles are large and the

ionic strengths are high. Then, the electrophoretic velocity of the particle can be expressed as Helmholtz-

Smoluchowski equation %

(2-4)

2.2 Dielectrophoresis

Dielectrophoresis (DEP) is the motion of an electrically polarizable particle in a non-uniform electric
field due to the interaction between the dipole induced in the particle and the spatial gradient of the electric
field. When an electric field is applied, the electric charge within the particle and the suspending electrolyte
will move and redistribute at the particle-electrolyte interface, depending on their polarizability. If the
polarizability of the dielectric particle is higher than that of the electrolyte, more charges will accumulate
at the particle side. While, if the suspending medium has higher polarizability than that of the particle, more
charges will accumulate at the medium side. This non-uniform distribution of the electric charges results in
a slight asymmetry in the charge density on the particle, leading to an induced dipole across the particle.
From classical electrostatics, the effective dipole moment of a homogenous dielectric sphere in an electric

field is given by 4660

p = 4ne,, a3Re(foy) E (2-5)
where &, represents the absolute permittivity of the suspending medium, a is the radius of the particle, and
Re indicates the real part. f.), is called the Clausius-Mossotti (CM) factor which is a function of the

frequency of the electric field and, depending on the dielectric properties of the particle and the suspending

medium.

The CM factor describes the relative polarizability of the particles and the surrounding medium and is

given by

3 & — Em (2-6)
fou = (i)

where e, and &5, are the complex permittivity of the particle and the suspending medium, respectively.

Since both the dielectric and conductive properties of the particles and the suspending medium are

exhibited in the presence of the electric fields, the complex permittivity is presented and defined as

e =¢—(jo/w) (2-7)



where € and ¢ are the permittivity and electric conductivity of the particle and solution, respectively, w =

27nf represents the angular frequency of the applied electric field, and j = v—1.

As shown in Figure 2-4, when the particle is placed in a non-uniform electric field, different forces
are generated at each side of the particle. Then the difference in force at both sides of the particle induces a
net force, i.e., dielectrophoresis (DEP) force. The direction of the DEP force is determined by the
polarizability of the particle and the suspending medium. The general expression for the DEP force exerting

on a homogeneous spherical particle is expressed as 6%
Fpgp = (p* V)E = 2mey, a® Re(fep) (VIE|*) (2-8)

where V|E|? is the gradient of the square of the electric field.
It can be inferred from Equation (2-8) that the DEP phenomena have the following features °:
(1) DEP force is present only when the non-uniform electric field exists;
(2) DEP phenomenon is non-linear since it is dependent on the gradient of the electric field;
(3) DEP force is independent of the polarity of the electric field;

(4) The magnitude of DEP force is proportional to the particle size, which enables DEP manipulation and

separation of particles by size;

(5) The magnitude of DEP force is proportional to the electrical properties of the particle and the suspending
medium, i.e., the permittivity and conductivity of the particle and the medium, as well as the frequency
of the electric field, which enables DEP manipulation and separation of particles by their different

electrical properties;

(6) DEP behaviors, i.e., positive DEP (p-DEP) and negative DEP (n-DEP), are determined by the sign of
the Clausius-Mossotti factor, fiy,, ranging from -0.5 to 1.0. If the particles are less polarizable than the
suspending medium (i.e., fcpr < 0), the particles will experience n-DEP force and be repelled from the
high electric field towards the weak region (illustrated as Figure 2-4(a)). While if the particle is more
polarizable than the solution (i.e., fqp; > 0), the particles will be attracted by the p-DEP force towards
high electric field gradients (shown in Figure 2-4(b)).
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Figure 2-4 Schematic illustration of the dielectrophoretic motion of spherical particles. (a) The particle is
less polarizable than the suspending medium and repelled by the negative DEP away from the high electric
field. (b) The particle is more polarizable than the suspending medium and attracted by the positive DEP
towards the high electric field.

To date, DEP has become one of the most popular methods for the manipulation of particles, due to
its label-free property, low consumption of samples, ability to offer a selective and sensitive analysis of
particles, and fast speed 2%, In order to achieve DEP effect, a non-uniform electric field is required which
can be generated by a variety of methods, such as insulator-based direct current dielectrophoresis (DC-
DEP), micro-electrodes embedded alternating current dielectrophoresis (AC-DEP), as well as traveling-
waving DEP. In this section, various popular techniques for the dielectrophoretic manipulation of micro

and nanoparticles are reviewed and presented.
2.2.1 Alternating current-dielectrophoresis

Alternating current-dielectrophoresis (AC-DEP) is the motion of a particle by induced polarization in
a non-uniform electric field and the applied electric field is an alternating current (AC) signal. As implied
by Equation (2-8), the magnitude of the DEP force is a function of the frequency of the applied electric

field, it will vary with the frequency of the electric field. As different kinds of particles or bio-particles have
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a distinct dielectric property, a distinct response is presented ranging from positive DEP to negative DEP
in the frequency spectrum, which enables the separation and identification of different particles. For the
AC-DEP chips, the non-uniformity of the electric field is commonly generated by an array of
microelectrodes embedded within the microchannel. These microelectrodes are fabricated by basic
manufacturing techniques, such as lithography ©, electroplating 8, photolithography %74 e-beam
evaporation 7, etching %77, and C-MEMS 787°,

Configurations of the microelectrode structures

2D planar electrodes. 2D planar microelectrodes are fabricated by photolithography techniques and
followed by film deposition and etching or lift-off. These microelectrodes are commonly patterned on the
bottom surface of the microchannel. The microelectrode patterns are transferred from a software designed
(e.g., AutoCAD) mask to a photoresist by the standard photolithography method. Then a film of various
metal materials (e.g., gold and silver) is deposited on the substrate by evaporation or sputtering methods.
After the etching or lift-off process, an array of microelectrodes with defined structures remains on the
substrate. In comparison with the lift-off technique, a relatively smaller structure with high aspect ratios

can be obtained by using the etching method &°.

An array of interdigitated electrodes is fabricated to generate the non-uniform electric field. The
gradient of the electric field is induced above the surfaces of the electrodes, where the particles are attracted
or repelled. By adjusting the ratio between the length of the electrodes and the width of the microchannel,
a large trapping area can be obtained inside the microchannel. In this way, these microfluidic devices are
widely used for the concentration and trapping of particles 8-, Interdigitated electrodes based microfluidic
platforms have also been applied for the manipulation and separation of particles 8-, In addition, Crews
et al. & demonstrated a method to model the gradient of the electric field as a function of the dimensions

of the electrodes (i.e., width and gaps), as well as the height and the applied electric field.

The design of the polynomial electrodes includes two pairs of electrodes (show in Figure 2-5) and
generates the maximum non-uniform electric field along the pads of the electrodes and a minimum electric
field at the center. These devices are used to achieve particle patterning, concentration and characterization
997 However, for the triangular polynomial electrode structures, the strongest electric field gradient is
induced at the tips of the electrodes and a low electric field along the pads. These devices are used for the

trapping %®°° and separation %1% of particles.
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Figure 2-5 Schematic diagram (a) and experimental photograph (b) of the separation of TMV (red) and
HSV (green/yellow) in polynomial electrodes %.

Arrays of castellated electrodes are designed to generate stronger non-uniformity of the electric field
at the tips of the castellations and a weaker electric field between the tips. In order to adjust the gradient of
the electric field near the castellations, various shapes of the castellations are introduced (i.e., triangular and
square). By using the castellated electrodes, the manipulation of particles 9294102-104 a5 well as the
fabrication of microdevices such as a nanowire sensor %1% js achieved. Moreover, other designs such as
arrays of slanted 197110 or curved ' electrodes placed at an angle to the flow direction, and circular 2 and

ring-shaped 2113 electrodes are also used for continuous sorting and separation of particles.

3D electrodes. 3D microelectrodes are fabricated by patterning planar microelectrodes on two sides
of microchannel surfaces (i.e., top and bottom), as well as by manufacturing extruded microelectrodes from
the channel bottom and vertical microelectrodes on the microchannel sidewalls. In comparison with 2D
microelectrode structures, which suffers from the adhesion of the particles on the electrode or channel wall
surfaces and a confined DEP effective area over the electrode surface ©, hence a low efficiency, 3D
electrode-based microsystems offer an increased DEP effective region, leading to an efficiency increase of
the microfluidic devices, and the adhesion of the particles is avoided.

Microfluidic devices comprising 3D top-bottom patterned microelectrodes are manufactured by the
standard microfabrication methods. The fabrication process always involves: deposition of microelectrodes
on both top and bottom surface of the microchannel by magnetron or reactive sputtering process, and
patterned with the lift-off technique; formation of the microchannel using epoxy-based SU-8 photosensitive
resist using standard photolithography techniques; and precise electrodes face-to-face alignment and
bonding under the microscope with UV curable adhesives or epoxy-based adhesives, which avoids the

contamination of the microchannel 76:114-117,
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For the fabrication of extruded microelectrodes, various electrode materials such as metal, carbon, and
silicone 18120 and techniques have been used. The extruded metal electrodes are manufactured by
evaporating and patterning thin-film electrodes on the substrate to define the interconnections. Then a SU-
8 photoresist is deposited and patterned to form the desighed mold, followed by electroplating the electrodes
into the mold. After stripping the SU-8 mold, the microfluidic device is completed by depositing and
patterning another SU-8 layer to form the flow chamber #* as illustrated in Figure 2-6.

Figure 2-6 Schematic illustration of the extruded electrodes 2.

In the case of sidewall-patterned electrodes, microelectrodes are patterned on the sidewalls of the main
microchannel. In order to fabricate 3D vertical microelectrodes, the electroplating technique combined with
standard photolithography method has been utilized. The commonly used microelectrodes are gold
electrodes 1?2, micro copper electrodes ", and alloy microspheres 2. Nowadays, liquid electrodes *?41?° and
conductive polydimethylsiloxane (PDMS) such as AgPDMS 77126 have attracted growing interest and been
widely used to generate the gradient of the electric fields. In this way, the effective electric field gradient
region is extended and the DEP effect is improved.

Applications of AC-DEP

Separation. The manipulation and separation of particles or bio-particles is one of the most important
applications in chemical and biological fields and has attracted most of the interest in this area. Applying
AC electric fields with high frequencies between 1 MHz to 2 MHz, Asokan et al ® demonstrated the
manipulation and orientation of action in a pair of quadrupole microelectrodes. Using similar triangular
electrodes 199101, the separation of human breast cancer cells from HCT-116 colorectal cancer cells, and the
isolation of colorectal cancer cells from mixed samples with HEK 293 and E. coli cells were achieved.
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Moreover, the separation of particles in AC-DEP microfluidic devices with an array of castellated
microelectrodes was investigated 1:92100104127-130 "Ryifferent kinds of particles or cells experience different
DEP behaviors, i.e., p-DEP and n-DEP effects, by choosing specified driving frequencies. In this way, the
particles experiencing p-DEP forces are attracted at the tips of the castellated electrode arrays where the
high gradient of electric field exists, while the particles undergoing n-DEP are repelled away towards the
low electric field region between the microelectrode tips. Following this concept, Tai et al **! used a similar
structure to achieve the separation of viable and non-viable human lung cancer cells. By integrating the
serpentine-shape micropump and pneumatic microvalves, different cells are automatically transported and

separated into different channels by DEP forces with a high resolution.

In the microdevices with interdigitated microelectrodes, Li et al ** investigated the separation of live
Listeria innocua cells (collecting on the edges of the microelectrodes) and heat-treated dead cells (collecting
on the top centers of the electrodes) by p-DEP and n-DEP, respectively. The separation efficiency is up to
90% by applying AC electric fields with a low voltage of 1V and a frequency of 50 kHz. Besides, a similar
microelectrode structure was employed for the separation of polystyrene beads and human blood
erythrocytes °2, live and dead yeast cells 8, HT-29 cancer cells and red blood cells %, and C. Muris and G.
lamblia at a frequency of 10 MHZ and a 3 Vpeak 0 peak VOItage 8. By using the dielectrophoretic field-flow

fractionation (DEP-FFF) method, circulating tumor cells (CTCs) were isolated from blood 321%,

By placing the microelectrode arrays at an angle to the direction of the main flow, Polystyrene particles
were continuously separated based on different sizes, i.e., larger particles experience stronger DEP forces
and have greater trajectory shifts, while the particles with smaller size undergo weaker DEP effects and
achieve smaller shifts, into different streams and moved into different channels 18111134135 " sing similar
structures, Kim et al 3¢ demonstrated multitarget cells sorting with high purity using a microfluidic device
with two pairs of microelectrodes positioned at two different glancing angles to the flow direction %, In
this way, the electrical surface conductance-based separation of polystyrene beads and frequency-
dependent separation of viable and non-viable yeast cells 1°, and separation of red and white blood cells in
a suspending medium with high electrical conductivity *° were achieved. In addition, Krishnan et al %
and Sonnenberg %% developed a circular microelectrode device which can detect and isolate DNA and

nanoparticles into high electric field regions.

Another AC-DEP particle separation technique is presented by using 3D microelectrode structures.
Durr and Kentsch et al 1*6117 and Chen et al 6! reported the manipulation and separation of microparticles
(i.e., 4.8 pmand 9 pm) by particle size-dependent DEP force in a microfluidic device with arrays of paired
microelectrodes placed face to face on the top and bottom sides of the channel. In order to improve the

throughput and sorting sensitivity of the 3D microelectrode devices, arrays of asymmetric microelectrodes
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were fabricated and patterned °. Due to the changing widths of the microelectrodes, the magnitudes of the
electric field continuously vary along the transverse direction of the microchannel, which results in an
increased separation sensitivity and achieves the separation of mouse P19 embryonic carcinoma and red
blood cells. Furthermore, by manufacturing the microelectrode arrays with defined geometry by silicon, the
required gradient of the electric field for DEP effect as well as the gradient of liquid velocity was generated

which lead to the successful separation of live and dead yeast cells 241142,

The manipulation and separation of microbeads and cells %143 were demonstrated by patterning pairs
of vertical interdigitated microelectrodes on the sidewalls of the microchannel to generate non-uniformity
of the electric fields in a microfluidic device. As the height of the microchannel can be adjusted without
losing the strength of the electric fields, this dual frequency DEP device achieves high sorting throughput.
By integrating the sidewall microelectrode with the electrical insulator hurdles, continuous separation of
polystyrene particles with a minimum 5 pm difference in diameter and yeast cells based on size ° and
separation of latex particles and white blood cells and particles due to different electrical properties " were
achieved. In addition, by using liquid electrodes, i.e., arrays of microelectrode chambers patterned on single
144135 or both 146-148 sidewalls of the microchannel, the particles and cells were continuously separated.
However, due to weak adhesion between the metal electrodes and the PDMS microchannel, it is challenging
to integrate them. In order to avoid this issue, Lewpiriyawong et al 126149150 and Jia et al ’” demonstrated
the conducting PDMS composites, i.e., AgQPDMS, to perform as the vertical microelectrodes and induce
the non-uniform electric field (shown in Figure 2-7). In this way, the DEP forces behave in three dimensions
which enhances the DEP effect regions and enables the high-efficiency separation of particles by size, and

separation of live yeast cells and bacterial cells from latex particles with similar size.
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Figure 2-7 (a) The microfluidic device with AgPDMS microelectrodes. (b) The schematic illustration of the

separation of particles with similar sizes by positive and negative DEP forces, respectively .

Focusing and trapping. Flow cytometry is a powerful method which can measure and analyze the
various physicochemical characteristics of particles and cells. By integrating with optical fluorescent probes,
this device enables the detection of the fluorescence property of each different individual particle which
can be used for the determination of the morphological features and functional properties of the particles
such as size, morphology, geometry, as well as surface markers. In such a microfluidic device, the particles
are continuously focused as a narrow stream by the DEP forces and flowing with the driving liquid into the
center of the device. In this way, the particles are detected one by one at high flow rates. In comparison
with the various conventional focusing systems, the AC-DEP focusing methods offer the advantages of low
sample consumption, fabrication flexibility in combination with other manipulation and analysis techniques,
as well as high throughput ***. Morgan and Homes et al 525 demonstrated focusing and analyzing
fluorescent particles at a high rate up to 250 particles per second by placing two pairs of microelectrodes
on both the top and bottom of the microdevice which is shown in Figure 2-8. By applying high-frequency
AC electric field, the particles were repelled by the negative DEP forces and focused as a tight stream in
the microchannel center. In addition, an elliptic-like microelectrode array *** and a face-to-face liquid
electrode 2155 were designed and fabricated to direct the cells from different directions towards the

microchannel center.
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Figure 2-8 Schematic illustration of the AC-DEP flow-focusing microfluidic chip from a top view 52153,

AC-DEP also offers a method for the trapping or concentration of the interesting particles in the
desired position for further manipulation and analysis. Du et al * presented the trapping and concentration
of DNA molecules by AC-DEP in combination with the nonlinear electroosmotic flow (EOF) under high-
frequency AC electric fields in a microchannel with pairs of asymmetric quadrupole electrodes. Using the
similar microelectrode structures, the mammalian virus HSV-1 was concentrated by both positive and
negative dielectrophoretic forces with different frequencies applied %. Moreover, a strong gradient of the
electric field was generated by applying the electric voltages to sharp triangular microelectrodes which
enable the trapping of single R-phycoerythrin protein molecules * and individual bacterial spores %. In
addition, by using arrays of castellated microelectrodes, the trapping of cells and beads **¢ and concentration
of murine embryonic stem cells by positive DEP effects in high electric field regions % were achieved.

By using arrays of interdigitated electrodes integrated into the microfluidic chips, the trapping of
individual human spermatozoa by negative DEP forces under high-frequency electric fields 17, the capture
of ribosomal RNA 8 and trapping of DNA molecules ®, as well as capturing E.coli cells by positive DEP
and quantitative evaluation of particle concentration 88 was achieved. Using similar microelectrode
structures, the bacteria cells & and the polystyrene particles 8 were concentrated with high efficiency and
throughput. Furthermore, Lagally et al  designed an integrated microfluidic device including the

microelectrode arrays, a series of PDMS microvalves, and an optical molecular beacon which enables the
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concentration of bacterial cells and optical detection of E. coli MC1061 cells via the sequence specific
hybridization of an rRNA-directed optical molecular beacon. In order to trap and position individual
polystyrene microspheres %80 and living cells 1183 microdevices with integrated quadrupole and
microwell electrodes, and circuit microchips with a grid of microelectrodes were designed and utilized.
Additionally, Hsiung et al 1% and Thomas et al 113 developed microfluidic chips with arrays of ring
electrodes for the patterning of human hepatocellular carcinoma cells and trapping of single Hela cells and
human osteoblast-like cells.

Figure 2-9 Example of yeast proliferation in an n-DEP field cage. The black cases represent
microelectrodes. Image (a)-(i) shows the trapping of a single yeast cell and a cell agglomerate after several

divisions 16°,

Integrated AC-DEP microfluidic platforms with 3D microelectrode arrays patterned on the top and
bottom sides of the microchannel were developed for the concentration of polystyrene microparticles with
different sizes and yeast cells 1151, capture of anti-mouse immunoglobulin G modified microparticles 72,
E. coli *" and single yeast cells % (shown in Figure 2-9), as well as accumulation and trapping of hepatitis
A virus particles 2. Moreover, Voldman et al % designed a microfabricated device with arrays of
asymmetric extruded quadrupole microelectrodes to generate an electric field gradient for the trapping of
single HL-60 cells *2* and polystyrene microbeads . In order to improve the electrochemical stability of

microfluidic platforms, carbon % or silicon 17 electrodes are used instead of the metal electrodes which
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provides advantages such as high electric voltage applied without sample electrolysis, better

biocompatibility, and excellent mechanical and chemical properties.
2.2.2 Direct current-dielectrophoresis

Direct current-dielectrophoresis (DC-DEP), the induced movement of dielectric particles in non-
uniform DC electric fields, is another strategy to generate the electric gradient required for DEP effects.
The non-uniform electric field is induced by applying DC electric fields via local electrically insulating
obstacles or constrictions patterned inside the microchannel with external electrodes placed in the inlet and
outlet reservoirs. When a DC electric field is applied, the expression for the DEP force remains the same
as Equation (2-8). However, the Clausius-Mossotti (CM) factor which describes the polarizability of the
particles and the suspending medium becomes solely dependent on their electrical conductivity and is
expressed as 1"

(Gp — Om) (2-9)

fem = (ap + 20,,)

In comparison with the conventional electrode-based AC-DEP systems, the insulator-based DC-DEP
microfluidic systems show advantages *’? such as: (1) the fabrication process becomes simple without the
metal deposition and the mass fabrication of the devices is possible due to low-cost materials; (2) since no
electrodes are involved in the microchannel, the devices are mechanically robust and chemically inert and
the surface fouling of the electrodes and gas evolution due to electrochemical reactions are avoided, and
hence are more biologically compatible; (3) the gradient of the electric fields are constant over the whole
height of the microchannel and the samples are driven by integrating the electrophoretic and electroosmotic
effects instead of additional hydrodynamic flow. However, in order to generate strong electric field

gradients, relatively large electrical voltages are necessary which involves the Joule heating effect.
Configurations of the insulator structures

Obstacles. In order to generate the required non-uniform electric field inside the microchannel, arrays
of electrically insulating posts with a variety of different shapes, such as rectangular, triangular and circular,
are exploited. For these microchips with insulating posts shown in Figure 2-10 17317 they are fabricated
from the glass with patterned structures using wet etching and standard photolithography techniques. After
thermal bonding, the microfluidic chip is fabricated. Furthermore, the orifices formed inside the
microchannel with hurdles or blocks >7 are an alternative method. Using the same idea, an oil droplet
178 or oil meniscus 1" is used to generate spatial non-uniform electric fields. In this way, the electric field
gradients become controllable by adjusting the oil droplet size as well as the radius and penetration of the

oil menisci which enables a variety of application configurations.
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Figure 2-10 Schematic illustration of the microfluidic system and streamlines of the electric fields

compressed between the insulating posts 174,

Curved microchannels. Besides patterning the insulating obstacles within the straight microchannels,
3D hurdles and barrier 1881 gre designed and manufactured for the separation and manipulation of particles.
In addition, the microchannel shapes can be utilized to induce the non-uniformity of the electric fields,
hence the DEP forces. Therefore, curved microchannels with various structures (i.e., serpentine &2,
sawtooth 8 and circular 1#+18) are fabricated using the soft photolithography technique and employed for
the continuous manipulation of particles. By using these microfluidic devices, the fabrication of in-channel
micro-insulators are eliminated and a series of gradually stronger electric field gradients are induced along

the microchannel.
Applications of DC-DEP

Separation. DC-DEP has been proved to be one of the highly efficient methods for the separation of
microparticles by size. The local non-uniformity of the electric fields is produced by insulating obstacles
such as hurdles or blocks inside the microfluidic channels. Since the DEP forces acting on the particles are
proportional to their radii, particles of different sizes undergo different negative DEP forces (i.e., repulsive
forces) at the corners of the hurdles, where the strongest gradient of the electric fields exists. Thus, the
mixed particles of a few micrometers difference in the radius are separated and directed into distinct streams
by integrating the electroosmotic flow. The size-dependent separation of particles was demonstrated by
Kang et al 18718 hy patterning the insulating hurdles with rectangular structures inside the microchannel
which is shown in Figure 2-11. By using similar triangular hurdles, which reduces the constricted gap region

and minimizes the negative effects on the live cells, the separation of white blood cells or breast cancer

21



cells 17 and DNA molecules 8 of different sizes were achieved. While, for separating the target particles
of a specified size, it is only required to adjust the voltage outputs of the external electrodes. In order to
enhance the DEP effects and increase the controllability, an H-shaped microfluidic chip with a series of
rectangular blocks was developed for the flow-through manipulation and separation of microparticles 1%,
In addition, Srivastava et al *** developed a microdevice to sort multi-particles of different size into multiple

distinct outlets by adjusting the electric conductivity of the suspending medium.
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Figure 2-11 Schematic separation of 5.7 um and 15.7 pm polystyrene particles in the microchannel with a

single rectangular hurdle ¥,

In microchips containing arrays of insulating posts, the effects of the post shapes and dimensions with
respect to the applied electric fields on particle filtering and concentration were theoretically and
experimentally investigated 173, Using these circular post-based devices, the separation of length-dependent
DNA with different conformations 92, as well as the concentration and isolation of viable and non-viable
bacteria 4517419 or cells 1% and microalgae ** were achieved. Additionally, a tunable orifice inside the
microchannel was designed using an insulating oil droplet which is controlled by a syringe 7. In this way,
an adjustable constricted gap, hence the gradient of the electric fields and the DEP forces, is generated
which enables the separation of the particles with relatively low DC electric voltages and becomes a

promising method for bioanalytical applications.

A different method to generate non-uniform electric fields is to use curved microchannels. The electric
fields are squeezed to induce strong gradients of the electric field at the insulating constrictions when DC
electric fields are applied via external electrodes positioned at the inlet and outlet reservoirs of the
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microchannel. Then different particles are separated into different streams and directed to different regions
of the cross-section of the microchannel. In a circular microchannel 1%, the separation of particles with
different dielectric properties was predicted by numerical simulations. Following this concept, the
separation of particles based on charge and size (i.e., 5/10 pm and 3/5 pm) was achieved in an asymmetric
double-spiral microchannel 181% which provides a method to separate multiple particles by their intrinsic
properties. There are various microchannels with other curved designs, the concentration and separation of
particles 8 and bacterial cells ® were theoretically and experimentally studied in a sawtooth microchannel.
For this sawtooth patterned microfluidic device, a minimum gap with a width of 27 pm was formed which
enables the separation of 20 nm, 200 nm as well as 1 pm polystyrene beads %, Furthermore, microfluidic
channels with serpentine structures, where non-uniform electric fields exist at the U-turn, were developed
to separate yeast cells from E. coli 8 and microparticles by size 1821%2% |n addition, PDMS microfluidic
devices with a 3D hurdle in the shape of a quarter of a circle 8 were designed to separate 2 pm and 3 pm
polystyrene microspheres. By reducing the height of the microchannel down to 670 nm, the DNA and
DNA/protein complexes were effectively separated 2°.

Focusing and trapping. The concentration of 200 nm latex beads was demonstrated by applying DC
voltages to arrays of insulating posts embedded inside the microchannel 132%2 and the efficiency of particle
focusing was dependent on the shape and angle of the posts. Due to the generated non-uniformity of the
electric fields, i.e., DEP effects, within the insulating constrictions, different shapes of the posts such as
circular or diamond-shaped are designed for the trapping and concentration of viable and non-viable
bacteria 45174203 protein 1°, and DNA 2%, By integrating pressure-driven flow to control the particles motion
and the electrical impedance measurement method for subsequent sample detection, the selective trapping
of 2 um microspheres and Bacillus subtilis spores was investigated in the insulating post-based microfluidic

platform and the system shows advantages of high-throughput and no contaminations or clogging 2.

Using microfluidic chips with arrays of triangular constrictions, DNA was trapped at the tips 20627
and the DNA hybridization kinetics, as well as the signal sensitivity through pre-concentration, were
enhanced 28, Furthermore, by employing DC-biased AC electric fields, 10 um microparticles were focused
which is shown in Figure 2-12 2 and red blood cells were concentrated in the microchannel with a pair of
symmetric rectangular hurdles 1’7, and the selective trapping of dead cells as well as focusing of live cells
by combining the hydrodynamic flow in microfluidic chip with arrays of quadrupole-shaped insulating
posts 175210211 Besjides inducing electric field gradients with insulators, pairs of insulating oil droplets were
generated face to face to induce the electric field gradients. By adjusting the size and position of the droplets
inside the microchannel, the strength of the electric fields, hence the DEP forces, becomes controllable

which enables the continuous particle focusing *°.
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Figure 2-12 Schematic illustration of focusing of 10 pm microparticles (left: snap-shot images; right: streak

images) 2°,

The focusing of polystyrene microspheres 82212 and E. coli cells 1% was demonstrated in a serpentine
microchannel. The particles were focused to the center or the sidewalls of the microchannel by the U-turn
induced DEP forces. Using a similar structure, a waved microchannel was presented to focus yeast cells
into a continuous stream along the center of the microchannel by negative DEP forces. Moreover, an
asymmetric spiral microchannel was designed to focus microspheres 818, Due to the elimination of high
electric field regions, the curvature induced DEP focusing method enables its applications in the
manipulation of bioparticles. In addition, the concentration of 930 nm polystyrene particles into arrays of
parallel microchannels was presented in a tree-shaped microfluidic device 12213, Inside the channel network,
the electric field was efficiently squeezed and multiple trapping regions were observed inside the
microchannel. In this way, the trapping efficiency is as high as 100 % which enables rapid sample

concentration for the preparation of particles and detection of biomarkers.
2.2.3 Traveling wave-dielectrophoresis

Traveling wave-dielectrophoresis (twDEP) is the interaction between polarizable particles and a
traveling wave electric field produced by an array of parallel electrodes patterned at the bottom surface
inside the microchannel, where potentials with 90° phase variation are applied. Due to the phase lag
between the dipole moment and the traveling electric field, a net force exerting on the particles is generated
which leads to smooth translational particle motion. It can be inferred that the traveling wave DEP force
induced in a traveling field E is presented as 21421

Ame,, a3 (2-10)
Fiwpep = ——:ln Im(fem)E?
where A represents the wavelength of the traveling electric field and has the value with the repetitive

distance between the electrodes of the same phase, Im(f.)indicates the imaginary part of the Clausius-
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Mossotti (CM) factor. As shown in Equation (2-10), the in-phase and out-of-phase component of the
induced dipole moment and the non-uniform field magnitude or phase factor are determined by the real and
imaginary particles of the CM factor, which result in the conventional DEP and twDEP, respectively 2%,
When levitating above the surface of the electrodes, the twDEP force is balanced by the oppositely directed
viscous drag force which leads to a constant translational velocity. The velocity u;,,pgp Of the particle in a

suspending medium with viscosity, u, is expressed as 24

2mEy, (2-11)

3
a
UtwDEP = —W Im(fCM)EZ

As shown in Figure 2-13, electric potentials with 90 “phase variation between the adjacent electrodes
are applied to an array of planar microelectrodes, and co- and anti-field twDEP effects are generated which
drive the particles moving towards or away from the smaller phase regions. In this way, the particles can
be transported along or against the direction of the traveling wave inside the microchannels without the
assistance of external driving flow. Such a configuration was proved to be able to separate particles based
on size differences or different dielectric properties 27218, By applying high frequency traveling fields to a
series of microelectrodes, the manipulation and linearly movement of pollen and cellulose particles were
achieved 21221, Using similar structures, the twDEP was applied for particle separation by fractioning yeast
cells based on size 2**. In order to enhance the separation effect, a microfluidic device with multiple layers
of microelectrodes was designed which can be switched between convention and twDEP by adjusting the
frequency of the traveling fields. With carefully selected electrical conductivity of the suspending medium,
the live and dead yeast cells were separated. When the low frequency of the electric fields was applied, the
dead yeast cells were trapped by positive DEP forces while the live cells moved to the end of the electrode

arrays 222223,
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Figure 2-13 Schematic illustration of the twDEP response of the particle in a traveling wave electric field
80

In a microfluidic device with four electrodes patterned in a circular layout and 90°phase variation
between the adjacent electrodes, a circular traveling electric field is induced instead of the translational
movement in twDEP. When a neutral particle is placed in the rotating field, the particle will rotate
asynchronously with the electric field. The rotational torque induced in a spherical microsphere in a rotating
electric field E is expressed as 2%

I = —4me,, a3 Im(fgy)E? (2-11)

In a steady state, the rotational torque of the particle is balanced by the opposite torque arising from
the viscous drag force, and a rotational velocity is given by 224

Q= —;_Z Im(fem)E? (2-12)

It can be seen from Equation (2-11), the induced rotational torque in the electrorotation is proportional
to the strength of electric field squared instead of the gradient of the electric field squared, and determined
by the imaginary part rather than the real part of the CM factor. Then, this electrorotation method is widely

used to identify the dielectric property and characterize the morphology of particles and biological cells 22>
231

2.3 Conclusion

This chapter reviews the general electrokinetic phenomena, including the classical EDL theories, EP,
EOF, and DEP. Among these various methods for the manipulation of particles in the microchannel, DEP
has become one of the most popular methods for the manipulation of the particles, due to its label-free
property, low consumption of samples, ability to offer a selective and sensitive analysis of particles, and
fast speed. In order to achieve DEP effect, a non-uniform electric field is required which can be generated
by a variety of methods, such as insulator-based DC-DEP, micro-electrodes embedded AC-DEP, as well as
traveling-wave DEP. In this section, various popular techniques for the dielectrophoretic manipulation of
particles, droplets, and biological cells were reviewed and presented. This chapter provides a solid

background for the following chapters.
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CHAPTER 3 Fabrication of Nano-orifice Based Dielectrophoretic
Microfluidic Chip ~

3.1 Introduction

Dielectrophoresis refers to the motion of polarized particles in a dielectric suspending medium under
a non-uniform electric field. To induce the spatially non-uniform electric field, the traditional DC-insulator
DEP (iDEP) method uses insulator obstacles or hurdles inside the microchannel, as illustrated in Figure 3-1
282 The DC electric field in the microchannel is applied by the two electrodes inserting in the inlet and exit
reservoirs, respectively. The flow is also induced by the applied DC electric field, i.e., electroosmotic flow
(EOF). It can be seen from Equation (2-8) that the value of the DEP force is proportional to the gradient of
electric field square (V|E|?) and the particle size (a®). As the trajectory shift of the particles is proportional
to the value of the DEP force exerting on the particles, the particles with different sizes will be separated
and moved into different streams after passing over the non-uniform electric field region. However, in order
to separate particles of smaller sizes and particles with small size differences, a strong DEP force is
necessary, which means a high electric field gradient near the hurdle is required. To achieve high (V|E|?),
one way is to apply a higher voltage difference along the entire channel (Figure 3-1(a)) which may cause
unwanted side effects such as Joule heating as mentioned above. Another way is to make the gap between
the tip of the hurdle and the channel wall very small. However, conventional microfabrication methods
(e.g., soft lithography) generally cannot make the gap smaller than 10 pm. In addition, when the gap is
sufficiently small, polarized particles may form clusters near the gap and block the gap, preventing the

particles from passing through the gap.

To solve the above-mentioned problems in the traditional DC isolated-based DEP (iDEP) method, a
novel orifice based DC-DEP method employing pressure-driven flow is proposed, as illustrated in Figure
3-1(b). The non-uniform electric field is induced by applying DC electric fields across the channel through
a pair of asymmetric orifices: a larger orifice and a small orifice on the opposite sides of channel walls. As

shown in Figure 3-1(b), the non-uniformity or the gradient of the electrical field is dependent on the width

* A similar version of this chapter was published as:

(a) Zhao, K.; Peng, R.; Li, D. Separation of nanoparticles by a nano-orifice based DC-dielectrophoresis method in a
pressure-driven flow. Nanoscale 2016, 8 (45), 18945-18955.
https://pubs.rsc.org/en/content/articlehtml|/2016/nr/c6nr06952e.

(b) Zhao, K.; Li, D. Continuous separation of nanoparticles by type via localized DC-dielectrophoresis using
asymmetric nano-orifice in pressure-driven flow. Sensors and Actuators B: Chemical 2017, 250, 274-284.
https://www.sciencedirect.com/science/article/pii/S0925400517307943.
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ratio between the large orifice and the small orifice. A strong non-uniform electrical field can be obtained
if the orifices’ width ratio is sufficiently large. Since the electric field is applied locally via the orifices
across the microchannel, i.e., the distance between the two electrodes is very short, a small voltage
difference is sufficient for generating a strong electric field; thus Joule heating is essentially avoided.
Furthermore, in this design, the generation of the local electrical field gradient does not require changing
the cross-section of the microchannel and hence will not impair the transport of the particles. In the
traditional DC-iDEP method, the particles move with the electroosmotic flow in the microchannel, and
hence the throughput of the particles is very low, typically a few particles per second. In the proposed new
method, by using pressure-driven flow to transport particles, the throughput can be easily increased by ten
times or more.
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osmotic flow 4 ° '
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Figure 3-1 Schematic illustration of DC-DEP microfluidic channel: (a) In the traditional DC-iDEP method,

the non-uniform electric field is induced by an insulator hurdle. (b) In the new orifice-based DC-DEP
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method, the non-uniform electric field is created by using the asymmetric orifices on opposite channel walls

(red color represents the electric field strength).

3.2 Materials and methods
3.2.1 Fabrication of nano-orifice based microfluidic chip

In order to generate strong non-uniform electric fields, a small microchannel or a nanochannel is used
to form the small orifice on one side of the microchannel walls. To obtain the small microchannel or
nanochannel, small micron cracks or nanocracks are created on the polystyrene surface with controllable
size and spacing by two steps. Firstly, the small artificial defects are made on polystyrene surface by the
micro-hardness testing system (LECO®, MHT series 200), which controls the size and the spacing between
the defects. Since the cracks start to form at the defects, the locations of the nanocracks are determined.
Then the nanocracks are generated on the defects by the solvent-induced method 2%

A three-step procedure is used to form the crack: a) Firstly, the liquid reagent is heated into vapor
which will condense and form a thin liquid membrane on the surface of the polystyrene due to temperature
difference. Consequently, the solid polystyrene will absorb the liquid and form a swollen layer. b) Then,
after a long time of heating, the liquid reagent is fully vaporized. The absorbed reagent will be released
from the swollen layer, as a result, the swollen layer starts shrinking, which will increase the stress of the
polystyrene surface. When the surface stress is larger than the critical value, cracks initiate from the defects
to release the stress. The longer the heating time, the more absorbed reagent will release from the swollen
layer. As a result, the surface stress becomes larger which will, in turn, contribute to a larger crack size, in
both axial and vertical directions. c) Finally, the swollen layer stops shrinking when the absorbed reagent
is completely released, therefore, the cracks stop growing. Therefore, by adjusting the working parameters,
i.e., the heating time and temperature as well as the volume and concentration of the reagent, the crack size
becomes controllable. For example, a 3D AFM image of the polydimethylsiloxane (PDMS) nanocrack and
the corresponding profile of the cross-section of the crack are shown in Figure 3-2.
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Figure 3-2 AFM image and the cross-section of a PDMS single nanocrack with the width of 626 # 15 nm
and the depth of 166 + 21 nm created by heating 1 mL 100% ethanol solution at 90 C for 12 hours.

The microfluidic chip was made by bonding a top PDMS layer having the microchannel structure (as
illustrated in Figure 3-3(b)) with a bottom PDMS layer having a single small microchannel or nanochannel.
The single small microchannel or nanochannel was obtained by three steps and illustrated in Figure 3-3(a).
Firstly, a nano-crack with a controlled size is generated on a polystyrene surface by the solvent-induced
method 2%, Thereafter, the pattern of the negative nano-crack is transferred onto a SU8 photoresist layer
(MicroChem Corp.) by the soft lithography technique to work as the positive nanochannel mold. Finally,
the PDMS small microchannel or nanochannel is replicated from the positive mold by casting a 30 pm layer
of hard PDMS 23 with a higher Young’s modulus and followed by casting a regular PDMS layer of about
2 mm in thickness to avoid the collapse of the small microchannel or nanochannel after the bonding process.
The microchannel structure is designed by Auto CAD® software and fabricated by the standard soft
photolithography protocol 2%, Finally, the nano-orifice based DC-DEP microfluidic chip is obtained by
bonding the plasma-treated PDMS layer with the small microchannel or nanochannel and the plasma-
treated PDMS layer with the microchannels together (Figure 3-3(b)) by using a custom-made alignment

system under a microscope (Nikon, TE-2000) as shown in Figure 3-3(c).
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Figure 3-3 Procedures for the fabrication of the nanochannel to make a small orifice: (al) a nano-crack
crack, (a2)—(a3) spin-coating and UV exposure, (a4) positive mold of the nanochannel, (a5)—(a6) hard
PDMS and regular PDMS casting, and (a7) formation of a single nanochannel. (b) The top PDMS layer
with the microchannel structure and the bonded microfluidic chip. (¢) The schematic of micro-nanochannel

bonding by a hand-made alignment system.

3.3 Results and discussion
3.3.1 Simulation of the electric field and flow field

The schematic structure of this microfluidic chip from a top view and an example of the distribution
of the electric field lines are illustrated in Figure 3-4(a). The entire chip is made of an electrical insulator
material such as PDMS. The DC electric field is employed through the microchannel by two external
electrodes placed in wells C and D, respectively. The non-uniform electric field is generated owing to the
asymmetric size of the orifices, a small orifice on one side of the channel walls and a large orifice on the
opposite side of the channel walls. The flow field in the microchannel is shown in Figure 3-4(c). Firstly,
the particles’ mixture comes into the main channel as one stream from the inlet channel A, and the particles
are forced to move closely to the small orifice by the mainstream (focusing flow) of the suspending medium
from another inlet channel B. After passing through the vicinity of the small orifice where the strongest
electrical field gradient exists, the particles experience DEP force and their trajectories will change. Since
the small orifices used in this study are very small, i.e., 510 nm or 1.5 um in width, the fluid flow from
channel C to the main channel is negligible. Let us consider particles all experiencing negative DEP force
and they will be pushed away towards the weak electric field, i.e., from the small orifice to the large orifice.
Since the value of DEP force exerting on particles is proportional to the sizes of the particles, the larger
particles will be repelled away further than the smaller particles. Thus, the smaller and the larger particles

can move separately into the separation outlet channels E and F, respectively.

31



N\ iji/4 f
(a) \\x\\\ﬂ‘x’!{l ///// / i B
A sman \ '/f/ 7
\oriﬁce ~ L
PO
> ,/Large 4 )fﬂ \
-~ orifice/, //// ///’f || “‘\\ \
/111]
// '/H'X'JH‘M\
L] / ARARY

(c)

Small
orifice _Flo‘_‘
%mctlon <

Figure 3-4 (a) The configuration of the new asymmetric orifice based DC-DEP chip and the distribution of
the electric field lines (top view). The stronger electric field is indicated by the darkness. A is the particle
inlet channel. B is the focusing flow inlet channel. E and F are the separation outlet channels. C and D are
the wells for placing electrodes. (b) An enlarged view of the electric field lines around the small orifice
region, and an example of a particle experiencing negative DEP force. (c) Streamlines of the pressure-

driven flow field in the microchannel.

DEP is a highly localized force and is most likely very strong only right at the interface of the
microchannel to the orifice, where strong decay in deflecting DEP force occurs as the gradient of the non-
uniform electric field falls off away from the microchannel wall interface to the orifice. Hence, particles
need to be focused right at the microchannel wall interface to the orifice to be able to experience deflection
and this is particularly the case at higher particle flow rates since the time period for application of DEP
force falls substantially with particle flow rate. Hence, a quantitative study of how well the particles should
be focused at the microchannel wall interface to the orifice to experience sufficient DEP deflection force.
As shown in Figure 3-4, the particles flow into the main microchannel via the sample inlet branch A by the

hydrostatic pressure difference, i.e., the liquid height difference between the inlet and outlet wells. The
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particles are driven to move along the sidewall with the nano-orifice by the sheath flow from the sheath

flow branch B. The flow rate can be described as

Q=v-S (3-1)

where S = w - h, w and h are the width and height of the inlet branch channel, respectively. The velocity
of a specific micron particle in the inlet branch is v = L/t, where v is the particle velocity, L = [ - px is the
distance of the particle (1 pixel =0.74 pm) and [ is measured by NIS-Elements BR software in the digital
camera (QImaging) system based on the recorded separation video, t is the time period. In this way, when
the volumes imputed into the inlet wells A and B are same (i.e., same different liquid levels and velocity),
the volume flow rate ratio between the sample inlet branch A and the sheath flow branch B is solely
dependent on the width ratio of the branch A and B. determining how well the particles are focused right at
the microchannel wall interface to the orifice. It can be seen from Figure 3-5 below that, when the width
ratio is large, i.e., a small width of the sample inlet branch, the flow field from the sample inlet branch A is
more compressed and the particles will be focused closer along the microchannel wall interface to the orifice.
Therefore, normally for the manipulation of smaller particles, such as nanoparticles, a large width ratio
between the sample inlet branch A and the sheath flow branch B will be utilized. While for the separation
of micron particles, a small width ratio is enough.
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Figure 3-5 Streamlines of the pressure-driven flow field in the DC-DEP chip. (a) The width of the sample
inlet branch is 10 wm. (b) The width of the sample inlet branch is 20 um. The sheath flow branch B has a
size of 80 um in width. The nano-orifice has a size of 860 nm in width and 15 pm in length, and the large

orifice is 125 ym in width.
3.3.2 Effect of applied electric field and small orifice structure

To discuss the effects of the structure of the orifices on the gradient of electric field square (V|E|?),

extensive numerical simulations have been conducted by COMSOL 4.3b. Figure 3-6 and Table 3-1 show
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some examples of the values of V|E|? obtained for the orifice combinations with two different width ratios,

and two different lengths of the small orifice at a given electric potential.

Table 3-1 Calculated values of (V|E|%ma) for different width ratio and different lengths of the small orifice
(the width of the large orifice is fixed at 100 pm, the voltage is applied at electrode C while electrode D is
grounded, and the distance between the electrodes is 0.15 cm)

Width of the Length of the _
Il orifi Width rati Applied VIEI?, 0 (VIM?)
small orifice idth ratio e m
small orifice voltage (V) max
0.5 200 5 100 5.44 X 10%
1 100 5 100 3.73x10%
1 100 15 100 1.2X10%
1 100 5 150 8.38 X 10%

As we know, a higher V|E|? means a stronger DEP force. It can be inferred from Figure 3-6(a) and
Figure 3-6(b), the structure with a large width ratio produces higher values of V|E|? (depicted by the darker
red color) in the vicinity of the small orifice, but a relatively small region of high V|E|2. For example, the
semicircle of the darker red color has a radius of approximately 18 um in Figure 3-6(a); while the semicircle
of the darker red color has a radius of approximately 23 um in Figure 3-6(b). This is because, when the
width of the small orifice is reduced, the electric resistance of the small orifice is increased and hence the
electric potential drop inside the small orifice is increased. Thus, the high V|E|%area outside the small
orifice becomes smaller under a given applied voltage. Similarly, if the small orifice is long, the electric
resistance of the small orifice is large, and hence the electric potential drop inside the small orifice is large.
Consequently, the high V|E|?area outside the small orifice is smaller. By comparing Figure 3-6(b) and
Figure 3-6(c), one can clearly see that the high V|E|? area is larger in the structure with the shorter small
orifice (Figure 3-6(b)). Therefore, the structure with a relatively large width ratio and a shorter small orifice
can lead to large DEP force on the particles, resulting in a high separation resolution. The relationship
between the maximum electric field and the size of the small orifice is derived in Appendix A. Furthermore,
it can be expected that the increase of the applied voltage will increase the value of the maximum V|E|?

and the high V|E|?area significantly, as shown in Figure 3-6(d). As seen from Table 3-1, the value of the
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V|E |?max increases about 1.5 times when the width ratio increases from 100 to 200, and the value of the

V|E |?maxincreases about 3.1 times when the length of the small orifice is reduced from 15 um to 5 um.
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Figure 3-6 Numerical simulations of the distribution of the gradient of electric field square (V|E|). (a)

0.2

0.1

Width ratio of the orifices is 200, the width and the length of the small orifice are 0.5 m and 5 pm,
respectively. The applied voltage is 100 V. (b) Width ratio of the orifices is 100, the width and the length of
the small orifice are 1 pm and 5 pm, respectively. The applied voltage is 100 V. (c) Width ratio of the
orifices is 100, the width and the length of the small orifice are 1 pm and 15 pm, respectively. The applied
voltage is 100 V, and (d) width ratio of the orifices is 100, the width and the length of the small orifice are
1 m and 5 pm, respectively. The applied voltage is 150 V.

In addition, for the new developed asymmetric orifice based DC-DEP chip, as shown in Figure 3-6,
the V|E|?max calculated by COMSOL is in the order of ~10% V2/m® with 100 V applied across the
asymmetric orifices over 0.15 cm between the external electrodes. However, in the conventional insulator-

based DC-DEP devices 213236240 the magnitude of V|E|%max is in the order of 10!~10% V¥m?® with
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approximately 70~1200 V/cm applied along the length of the microchannel. Obviously, applying relatively
low voltages locally via the asymmetric orifices across the microchannel can generate a significantly
stronger non-uniform electric field, and hence much larger DEP force on the particles #+?41, This enables
the separation of smaller particles and particles with small size difference.

3.4 Conclusion

This chapter presents a new method to generate a locally spatial non-uniform electric field (i.e., DEP
force) by applying electric fields via a pair of asymmetrical orifices: a small orifice and a large orifice on
the opposite sides of the channel walls. The major advantages of this DC-DEP separation method include:
(1) The fabrication process of the microfluidic chip is simple, and the complicated fabrication process of
embedding microelectrodes, the electrode fouling, as well as electrode surface reactions, are avoided; (2)
By integrating the pressure-driven flow in the microchannel to transport particles, the throughput can be
easily increased by ten times or more; (3) There is no high electric field applied through the whole
microchannel, and the Joule heating effect is essentially avoided; (4) The generation of the local electrical
field gradient does not require the change of the cross-section of the microchannel and will not affect the
transport of the particles; (5) The asymmetric orifices structure with an appropriate size ratio of the small
orifice and the large orifice enables the generation of a strong electric field gradient, which allows the
separation of particles with smaller size differences and separation of nanoparticles.
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CHAPTER 4 Continuous Separation of Nanoparticles and Janus
particles with DC-DEP *

4.1 Introduction

DC-dielectrophoresis (DC-DEP) is the induced movement of polarizable particles due to the dielectric
differences between the particles and suspending medium in non-uniform DC electrical fields, which is
demonstrated to be a highly effective technique for the separation and manipulation of particles. Based on
the previous discussion on the fabrication of nano-orifice based DEP microfluidic chip in CHAPTER 3, the
DC-DEP method could be used to manipulate the moving trajectory of the particles according to their size
and electrical properties. In this CHAPTER, we develop an asymmetric orifice based microfluidic chip and
propose a pressure-driven method for both DC-DEP separation of nanoparticles and manipulation of Janus
particles. The DC-DEP force is generated by applying a low electric potential difference via a small micron
or nano-size orifice on one sidewall of the channel and a micron size orifice on the opposite wall. The
particles will experience the DEP forces when passing through the vicinity of the small orifice where the
strongest non-uniform electric field exists. Experiments for DC-dielectrophoretic separation of polystyrene
nanoparticles and numerical studies for the manipulation of Janus particles under DC electric field will be

demonstrated respectively.

Separation of nanoparticles Microfluidic Lab-on-Chip (LOC) technologies use microfluidic
platforms to achieve miniaturization, automation, and integration of complicated chemical and biological
analysis in the fields of chemical, biological and medical research 8242, The manipulation of particles in
the LOC systems is crucial in varieties of biological and clinical applications such as trapping, sorting,
separation and characterization of micro and nanoparticles, cells, viruses, bacteria and DNA 1012
15.22.24.26.21.174 - Compared with various techniques that have been applied in microfluidic systems for the
manipulation of particles by optical, mechanical, magnetic, chemical, acoustic and electrical means 323335

37 dielectrophoresis (DEP) may be one of the most popular methods due to its advantages such as label-

* A similar version of this chapter was published as:

(a) Zhao, K.; Peng, R.; Li, D. Separation of nanoparticles by a nano-orifice based DC-dielectrophoresis method in a
pressure-driven flow. Nanoscale 2016, 8 (45), 18945-18955.
https://pubs.rsc.org/en/content/articlehtm|/2016/nr/c6nr06952e.

(b) Zhao, K.; Li, D. Continuous separation of nanoparticles by type via localized DC-dielectrophoresis using
asymmetric nano-orifice in pressure-driven flow. Sensors and Actuators B: Chemical 2017, 250, 274-284.
https://www.sciencedirect.com/science/article/pii/S0925400517307943.

(c) Zhao, K.; Li, D. Numerical studies of manipulation and separation of Janus particles in nano-orifice based DC-
dielectrophoretic microfluidic chips. Journal of Micromechanics and Microengineering 2017, 27(9), 095007.
https://iopscience.iop.org/article/10.1088/1361-6439/aa7eae/meta.
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free and low consumption of samples 623, ability to analyze particles selectively and sensitively 243, and
capability of separating bioparticles with high efficiency and throughput . Generally, DC-DEP methods
have been widely employed for the separation and manipulation of particles not only by size but also by

their different electrical properties.

Cummings and Singh 17 showed the trapping of 200 nm polystyrene particles by DEP force with an
array of insulator rods inside the microchannel. Lapizco-Encinas et al. " investigated the manipulation
and separation of live/dead E. coli, and the manipulation and selective separation of two types of live
bacteria with arrays of circular insulator posts inside the microchannel in DC electric fields. Kang et al. 2
demonstrated the separation of polystyrene particles by size with an insulator hurdle in the microchannel in
DC electric fields. Chen ? investigated a rapid concentration of 500 nm to 1 pm nanoparticles with an
insulator ‘tree’ structure under DC electric fields in the microchannel. A circular insulating post based
microfluidic device was investigated to selectively release live and dead E. coli by applying DC electric
fields 74, Song et al. ** showed the separation of 5 um polystyrene particles and marine P. subcapitata algae
by different DEP forces with a hurdle inside the channel. However, a sufficiently high DC electric field is
required for the effective performance of these DC-DEP devices. The locally amplified electric fields
around the constricted structures inside the microchannel may induce significant Joule heating, and cause
large transmembrane voltages and shear stress on the biological cells 2*4. Furthermore, these microfluidic
devices are prone to fouling because of particle clogging 4. In addition, due to the limitation of
conventional soft lithography techniques and microfabrication methods, the smallest gap in most
microchannels is approximately 10 pum, and thus the insulator-based DC-DEP devices cannot generate
sufficiently strong non-uniform electrical fields and hence cannot separate smaller micron particles and
nanoparticles with similar sizes. Generally, the DC-DEP separation of particles as reported in the literature

cannot separate particles with a size difference smaller than a few microns and particles smaller than 500

nm 17,43745,174.

Manipulation of Janus particles Janus particles refer to the particles with two sides possessing two
distinct surface physical or chemical properties 2. Due to their asymmetric features, Janus particles are
widely applied in a great diversity of fields, such as material science, chemistry, biotechnology as well as
food analysis, and show enormous potential in self-assembly 24-24° emulsion stabilizing 2*°, bio-detecting
1252 micro-valve 2°3, and drug delivery #4255 Based on the anisotropic properties of Janus particles,
unique phenomena are shown under temperature fields 2°5%7, magnetic fields 2582, and electric fields 21
266, Compared with the various responses of Janus particles under electric fields, such as electrorotation and

electro-orientation 2672%8 induced-charge electroosmosis 2% and electrophoresis 2%6:2%°, which have attracted
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significant attention recently, dielectrophoresis (DEP) can be applied for the characterization of the particles

and allow the controllable tuning of DEP forces exerted on the particles.

In the microchannel, Zhang et al. 2 studied the manipulation and assembly of Janus particles by DEP
under a high-frequency AC electric field and found the structures of the Janus particles assembly depend
on the frequency of the AC electric field, the electric conductivity of the suspending medium, and the
surface chemical property of the particles. Pearl chains of the Janus particles were observed with low
conductivity of the medium. The different DEP behaviors between Janus particles and homogeneous
particles under an AC electric field were investigated by Zhang et al. 2%%, and they showed that the DEP
crossover frequency, i.e. transition between negative DEP and positive DEP, was a function of the coating
thickness of the Janus particles. Honegger et al. 2’ presented the DEP-induced rotation of the Janus particles
in a determined position and found that their rotation became controllable by adjusting the electric field
gradient. The dielectrophoretic manipulation of gold-coated polystyrene particles under the AC electric
field was experimentally studied by Garc ®-Sachez et al. #%, and positive DEP was observed when the
frequency was higher than the characteristic frequency while negative DEP for frequencies lower than this.
Gangwal et al. 26422 demonstrated the DEP-induced assembly of the Janus particle under an AC electric
field, and various structures and dynamic motion of the of Janus particle were shown with staggered chains
assembled in a variety of orientations. However, there are few studies on the dielectrophoretic manipulation
of Janus particles under the DC electric field. The DC-DEP approaches are important in many applications
such as separation and sorting of particles as well as drug delivery. Therefore, research in the DC-DEP

manipulation and separation of Janus particles in the microchannel is essential.

In this chapter, the experimental study of the direct current (DC) DEP size-dependent separation of
micro and nanoparticles and the separation of similar size nanoparticles by type, and the theoretical analysis
of the behaviors of the Janus particles under DC electric fields are conducted. This microfluidic chip
employs a pair of asymmetric orifices on the opposite sidewalls of the microchannel to induce a strong
gradient of the non-uniform electric field and sufficient DEP effect under a locally applied low voltage
difference. The effects of key parameters such as electric field and the width and length of the small orifice
are investigated experimentally in this study. By adjusting the applied electrical voltage and the electrical
conductivity of the suspending solution, the size-dependent separation of nanoparticles and separation of
nanoparticle with similar size but different type are conducted. Then in order to further understand the
dielectrophoretic motion of the Janus particles under DC electric field, the DC-DEP force acting on the
Janus particles was analyzed and the effects of the electric fields, as well as the coating coverage, thickness,

and electric conductivity of the Janus particles, are studied. Furthermore, the separation of Janus particles
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by size and the different DEP effects-based separation of Janus particles and homogeneous polystyrene

particles by choosing the suspending medium with a specific electric conductivity are demonstrated.

4.2 Separation of nanoparticles

4.2.1 Particles and suspending solution

Size-dependent separation Polystyrene microspheres (Bangs Laboratory) of three different sizes, 0.5,
1, and 3 um in diameter were used. In addition, fluorescent polystyrene spheres (Thermo SCIENTIFIC) of
two different sizes, 51 nm red (ExX/Em 542/612 nm) and 140 nm green (EX/Em 468/508 nm) in diameter,
were also employed as sample particles. The particles were originally suspended in pure water and further
diluted to the concentrations of 3.1x10° beads/mL, 3.54x10® beads/mL, 3.6x10" beads/mL, 2.74x10%
beads/mL and 1.32x10%/mL, respectively. Two suspending solutions were prepared with DI water and
K2HPO,. A 0.4 mM K;HPO, solution with a pH 7 and an electric conductivity of 1 X 1072 S/m is used for
the separation of 1 um and 3 um particles, and the separation of 0.5 um and 140 nm particles. A 1.6 mM
K2HPO, solution with a pH 7 and an electric conductivity of 4 X 1072 S/m is employed for the separation of

51 nm and 140 nm particles.

Separation of particles by type Two pairs of nanoparticles, i.e., 140 nm fluorescent polystyrene (PS)
particles (Thermo SCIENTIFIC, green with EX/Em 468/508 nm) and 150 nm fluorescent magnetic (FesO4
core) nanoparticles (chemicellGmbH, red with EX'Em 578/613 nm), and 470 nm fluorescent magnetic
FesO4-coated PS (Sphorotech Inc., red with Ex/Em 500/560 nm) and 490 nm PS nanoparticles (Bangs
Laboratory), and two pairs of micro-particles, i.e., 5.2 um magnetic-coated PS (Sphorotech Inc.) and 7 um
fluorescent PS particles (Bangs Laboratory, green with Ex/Em 480/520 nm), and 14 pm silver-coated
hollow glass beads (Potters Industries LLC) and 15 um PS particles (Bangs Laboratory) were used. The
corresponding concentration of the particles is 0.2 mg/mL, 0.25 mg/mL, 5 mg/L, 10 mg/L, 0.25 mg/mL,
0.4 mg/mL, 0.4 mg/mL, and 0.1 mg/mL, respectively. The suspending solutions were prepared with DI
water and K:HPO,. A solution of 1.6 mM K;HPO, with a pH of 7 and an electrical conductivity of 4 X102
S/m was used for the separation of 140 nm polystyrene particles and 150 nm magnetic nanoparticles.
Another solution of 0.4 mM K;HPO, solution with a pH 7 and an electric conductivity of 1 X102 S/m was

employed for the separation of rest pairs of particles.
4.2.2 Microfluidic chip design

The microfluidic chips are fabricated according to the techniques in the last CHAPTER. A picture of the

DC-DEP microfluidic chip is shown in
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Figure 4-1. For the size-dependent separation of nanoparticles, one nanochannel of 510 nm in width
and 450 nm in depth and another small microchannel of 1.5 pm in width and 1.6 pm in depth were fabricated
to make the small orifice. Correspondingly, there are two widths of the small orifices used in the
experiments, 510 nm, and 1.5 pum. For all chips used in this study, the width of the large orifice is always
125 pum. Two lengths of the small orifice, 5 um and 15 pum, were used for the studies of the effect of small
orifice structure on the separation of the particles. In the chip, there are six channels connected to six
different reservoirs. Channel A transports the particle mixture into the main horizontal channel where the
particle stream is forced to move close to the wall of the small orifice side by the dominant stream of
suspending medium entering from channel B. The main horizontal channel and the branch channels B, E,
and F are all 80 um in width. In order to drive the particles from channel A to move closely to the small
orifice, the width ratio between the inlet channels A and B is selected. Two different widths for the inlet
channel A were used in this study: 20 um for the separation of micron size particles, and 10 um for the
separation of nanoparticles. All channels have a depth of 15 um. The local electric field is induced by the
platinum electrodes submerged in wells C and D. The distance between the two external electrodes is
approximately 0.4 cm. The separated larger and smaller particles after passing the small orifice region move

into the outlet channels E and F, respectively.

In the study of separation of nanoparticles by type, the flows through the microchannel are generated
by the hydrostatic pressure difference between the inlet wells and the outlet wells, i.e., by the height
difference of the liquid level between the inlet wells and the outlet wells. The mixture of the sample particles
comes into the main channel as one stream through the inlet branch channel A, and is then forced to move
along the sidewall of the main channel by the focusing flow from the inlet branch channel B. In the
meantime, a DC electrical voltage is applied across the microchannel via the asymmetric orifices by the
external electrodes inserted in wells C and D. The particles will experience different DEP forces and their
trajectories will change when passing through the vicinity of the small orifice where the strongest gradient
of the electric field exists. The particles whose electric conductivity is stronger than that of the suspending
medium will experience positive DEP (p-DEP) force and be attracted towards the small orifice, i.e., the
high electric field, and move with flow into outlet branch channel E. On the contrary, the particles those
have weaker electric conductivity in comparison with the surrounding solution will experience negative
DEP (n-DEP) and be pushed away from the small orifice towards the large orifice, and then move into
outlet branch channel F. The width of the main channel and the branch channels B, E and F are all 80 pum.
Two different widths of the branch channel A were utilized in this study, i.e., 20 um for the separation of
nano-size particles and 40 um for the separation of micron particles, to make sure that the particles from
the branch channel A flow closely to the small orifice. For the separation of nanoparticles, the depth of all

channels is 15 um, while for the separation of micron particles, all the channels have a depth of 30 um. The
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localized electric field is generated by the platinum electrodes placed in the wells C and D, and the distance
between these electrodes C and D is approximately 0.4 cm. In this study, in order to obtain a strong gradient
of the non-uniform electric field, a sufficiently large width ratio between the small orifice and the large
orifice is employed *+?*1, To form the small orifice, one nanochannel of 860 nm in width and 290 nm in
depth and another small microchannel of 1.5 pm in width and 1.6 um in depth were fabricated. Thus, the
widths of the small orifices utilized in the experiments are 860 nm for the separation of nanoparticles, and
1.5 um for the separation of micron particles. The length of the small orifice is always 15 um, and the width
of the large orifice is always 125 um for all the chips. In addition, by using the pressure-driven flow to
transport the particles and using the asymmetric orifices to generate the non-uniform electric field in the
direction perpendicular to the flow, there is no constriction in the cross-section of the main channel and
hence the problems associated with the conventional insulator-based DEP methods such as difficulty of

transporting particles and aggregation of the particles are avoided.
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Figure 4-1 (a) The DC-DEP microfluidic chip made by PDMS. (b) AFM image of the PDMS single
nanochannel. (c) Cross-section of the PDMS single nanochannel measured by AFM, the width is 510 +

10 nm and the depth is 450 &= 20 nm.

4.2.3 Experimental procedure

The DEP particles separation experiments started by filling the microfluidic chip with the suspending
medium, at a room temperature of 25+ 1<C. Next, 10 pL of the particle solution was introduced into the
reservoir A, 10 L of the suspending solution was introduced into the reservoir B, and 5 L of suspending

solution was loaded into the wells C and D for inserting the external electrodes. The liquid flow and the
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particle transport in the microchannels were all driven by the pressure difference between the inlet and exit
wells (i.e., the difference of liquid level). The particles were forced by the mainstream flow from channel
B to move along the channel wall and pass the vicinity of the small orifice to experience the stronger
gradient of the non-uniform electric field. Then the DC power supply (HVS448 High Voltage Sequencer,
LabSmith) was utilized to apply DC electric voltages by the external platinum electrodes placed at the
reservoirs C and D. The voltage output to the electrodes was adjusted by a home-made voltages controller.
In the experiments, the voltage output to electrode C was carefully adjusted to ensure the best particles
separation effect and the electrode D is grounded. For the separation of nanoparticles, as the DEP force
exerted on nanoparticles is smaller in comparison with that on microparticles, the electrical force (i.e.,
interaction between the applied electric field and the electrostatic surface charge of the particle) on the
particles is adjusted to be in the same direction as the negative DEP force by reversing the polarity of the
applied electric field. In this way, the trajectory shifts of the nanoparticles experiencing negative DEP will
be enlarged, enhancing the DEP separation. The motion of particles was visualized by an inverted optical
microscope (Nikon, TE-2000) and recorded at 25 frames per second using a CCD camera (QImaging,

Burnaby, British Columbia, Canada). Under each condition, 3 independent measurements were conducted.
4.2.4 Results and discussion
4.2.4.1 Size-dependent separation

DC-iDEP technigue can separate particles by size, however, successful separation usually requires
the particles to have a large size difference 2%2. In the previously reported works of DC-DEP separation by
size, the separation of particles cannot be realized for a size difference smaller than 3 pm 926:200.244.273.274
However, by using the novel method developed in this work, 1 um and 3 um polystyrene particles (with
only 2 um size difference) were successfully separated. Moreover, by adjusting the electric conductivity of
the suspending solution, 51 nm and 140 nm particles, and 140 nm and 500 nm particles were also well

separated.

Effect of the applied voltage The effect of the applied voltage on the separation of 1 um and 3 um
particles was conducted by applying different voltages at electrode C from 60 to 160 V. Electrode D is
grounded. The 0.4 mM K;HPQ, solution with a pH 7 and an electric conductivity of 1 X 1072 S/m is used
as the suspending solution, and the particles experience negative DEP force. In these experiments, the width
of the small orifice is 1.5 um, and the length of the small orifice is 15 um. The width of the large orifice is
125 um. The trajectory changes of 1 um and 3 um particles under different applied voltages from 60 to 160
V is shown in Figure 4-2. Each picture was achieved by superimposing series of continuous pictures of the

moving particles under a given condition.
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Figure 4-2 Effect of the applied electric field on the separation of 1 um and 3 um particles by the DC-DEP
method developed in this work. The dependence of the particles’ trajectories on the applied voltage at
electrode C (a) 60 V, (b) 100 V, (c) 140 V, and (d) 160 V. The electrode D is grounded.

It should be realized that according to Equation (2-8), the DEP force is proportional to the gradient of
electric field square (V|E|%). As the applied voltage increases, the DEP force will increase. Furthermore, it
can be seen easily from Equation (2-8) that the value of the DEP force exerted on the 3 um particle is 9
times larger than that on the 1 um particle. As shown in Figure 4-2(a), under 60 volts, the DEP force is
weak, thus there is no apparent trajectory difference between the small particles and the large particles after
the particles passed the vicinity of the small orifice. They all moved into the outlet channel E. When the
applied voltage was increased to 100 volts, as shown in Figure 4-2(b), the larger DEP force made a
significant trajectory difference between the small particles and the large particles after the particles passing
through the vicinity of the small orifice. However, the trajectory shift of the large particles is not large
enough and a significant portion of the large particles was still moved into the outlet channel E with the
small particles. As seen in Figure 4-2(c), when increasing the applied voltage to 140 volts, the strong DEP

force at the small orifice region caused significant trajectory change for the large particles, so that the 1 ym
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and 3 pum particles continuously moved into distinct outlet channels E and F. The separation of 1 um
particles and 3 um particles was achieved. Further increase of the applied voltage can produce an overly
strong DEP force and cannot separate the small particles and large particles into the individual outlet
channels as desired. For example, under 160 volts, the 3 um particles were pushed by the DEP force into

the reservoir D and the 1 um particles moved into reservoirs E and F, as shown in Figure 4-2(d).

Effect of pressure-driven flow To examine the effect of pressure-driven flow, four different volumes
inputted into the inlet wells A and B (i.e., four different liquid levels), 10 puL, 12.5 puL, 15 pL, and 17.5 pL,
were conducted for the separation of 1 um and 3 um particles. Correspondingly, the flow rate is 1.323x<10*
PL/s, 1.554<10~* /s, 1.692x10* /s, and 1.886><10~* pL/s. In these tests, electrode C is applied 140 V
and the electrode D is grounded. The width and length of the small orifice are 1.5 um and 15 pm,
respectively, and the large orifice width is 125 um. The trajectory shift of 1 um and 3 um particles with
different flow rates from 1.323x10* /s to 1.886>10* pL/s is demonstrated in Figure 4-3.
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Figure 4-3 Effect of the flow rate on the separation of 1 xum and 3 um particles by the DC-DEP method
developed in this work. The dependence of the particles’ trajectories on pressure-driven flow with flow rate
(2)1.323x10* pifs, (b)1.554x10* pL/s (17% increase), (c)1.692x10°* pi/s (28% increase), and
(d)1.866><10* /s (41% increase). The electrode C is applied 140 V and the electrode D is grounded. The
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width and length of the small orifice are 1.5 um and 15 um, respectively, and the large orifice width is 125
um.

Figure 4-3(a) illustrates that the 1 um and 3 um particles were separated and diverted into different
outlet channels at the flow rate of 1.323x107* pL/s, under 140 volts. It is easy to understand that when the
flow rate increases (i.e., the velocity of the particles), the particles move fast and pass over the vicinity of
the small orifice. The time period of the particles experiencing the DEP force will decrease. As shown in
Figure 4-3(b), when the flow rate increased by 17% to 1.554x<10* pi/s, the time period of DEP force
exerting on the particles is shortened, and the trajectory difference between the small particles and the large
particles after passing the vicinity of the small orifice is reduced. Furthermore, the trajectory change of the
large particles is not large enough and some of the large particles moved into the outlet channel E with the
small particles. When the flow rate increased by 28% to 1.692x10* pL/s, as shown in Figure 4-3(c), there
is no obvious difference of trajectory shift between the small particles and the larger particles after passing
the vicinity of the small orifice. The small particles and the larger particles moved into the outlet channel
E. Further increase of the flow rate will excessively shorten the action time of the DEP force exerting on
the particles, and the small particles and the large particle cannot be separated into the individual outlet
channels. As shown in Figure 4-3(d), when the flow rate increased by 41% to 1.866>10* /s, all the 1

um and 3 um particles were driven into the outlet channel E.

Effect of small orifice structure As discussed previously, the electric field gradient is strongly
dependent on the structure of the small orifice, namely, the width and length of the small orifice. To examine
the effects experimentally, three small orifices of different sizes, 0.51 um in width and 15 pm in length, 1.5
um in width and 15 pm in length, and 1.5 pm in width and 5 um in length, were tested for separating 1 and

3 micron particles. In all these tests, the width of the large orifice is fixed at 125 um.

Figure 4-4(a) shows the particle separation with a small orifice of 1.5 um in width and 15 um in length.
In this case, the 1 um and 3 um particles are separated clearly under 140 volts. When the width of the small
orifice is reduced from 1.5 pm to 510 nm, the width ratio between the small orifice and the large orifice is
increased by 3 times, hence the electric field gradient is significantly increased. While, similar to the cases
shown by Figure 3-6(a) and Figure 3-6(b) (In 3.3.2), the area of high V|E|? (high DEP force area) outside
the small orifice becomes smaller with the decrease of the small orifice width, weakening the DEP
separation. To achieve the same separation effect, a higher electric potential has to be applied so that the
area of high V|E|? outside the small orifice can be larger when the width of the small orifice is smaller.
Figure 4-4(b) shows particles separation with a small orifice of 0.51 um in width and 15 pum in length. In
comparison with the case of Figure 4-4(a), the width of the small orifice is smaller in this case (Figure

4-4(b)), the 1 um and 3 um particles are separated clearly under a higher voltage 340 volts. When the length
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of the small orifice is reduced, the electric resistance of the small orifice is reduced and hence the electric
potential drop inside the small orifice is reduced. Correspondingly, the area of high V|E|? (high DEP force
area) outside the small orifice becomes larger, under a given applied voltage, as shown in Figure 3-6(b) and
Figure 3-6(c) (In 3.3.2). In other words, to achieve the same DEP separation effect, the applied voltage can
be smaller when the length of the small orifice is smaller. Figure 4-4(a) and Figure 4-4(c) demonstrate that
the separation of the 1 um and 3 pum particles can be realized with a significantly reduced voltage of 30 V
(from 140 V) when the length of the small orifice is reduced from 15 umto 5 um. In summary, greater DEP

force can be generated by using a large orifice width ratio and a small orifice of short length at low voltages.

Figure 4-4 Effects of the width and length of the small orifice on DEP separation of particles in terms of
the applied voltage. Differences between (a) and (b): The small orifice width is reduced from 1.5 um to
0.51 um, and the applied voltage is increased from 140 V to 340 V. Differences between (a) and (c): The
small orifice length is reduced from 15 um to 5 um, and the applied voltage is reduced from 140 V to 30 V.

Separation of nanoparticles In order to examine the sensitivity of this proposed separation method,

the DC-DEP separation experiments with mixtures of 140 nm particles and 500 nm particles, and mixtures
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of 51 nm particles and 140 nm particles were conducted. As the particle size decreases from micron to
nanometer, the DEP force exerted on the nanoparticles is dramatically reduced and hence the separation of
nanoparticles by size with the same type of DEP force (i.e., negative DEP force) becomes difficult.
Therefore, we propose to separate the nanoparticles by adjusting the electrical conductivity of the
suspending solution, so that the nanoparticles of a given size experience positive DEP force while the
nanoparticles of another size experience negative DEP. Consequently, the nanoparticles with different DEP
behaviors can be continuously separated.

The conductivity of polystyrene particles can be estimated by 275278

2K, (4-1)

Op = 0p +

where gy, is the bulk conductivity of particle and can be considered negligible for polystyrene particles, and

K is the surface conductance (typically K = 1 nS for polystyrene), and r is the radius of the particle.
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Figure 4-5 Prediction of fom for three different sizes of polystyrene particles as a function of the electric

conductivity of the suspending solution .

In Figure 4-5, fcm values of the nanoparticles of three different sizes, 51 nm, 140 nm, and 500 nm are
plotted as a function of the electric conductivity of the suspending solution, a,,. It can be seen that f.y,
value ranges from —0.5 to 1, and. In a certain range of o,,, fcu > 0 (i.e., positive DEP force) for
nanoparticles of a given size, while f); < 0 (i.e., negative DEP force) for nanoparticles of another size. In

this study, two suspending solutions with two different conductivities were used, 0.4 mM K;HPQO;, solution
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with a pH 7 and a conductivity of 1 X 1072 S/m was used for the separation of 140 nm and 500 nm particles,
and 1.6 mM K;HPO, solution with a pH 7 and a conductivity of 4 X 1072 S/m was employed for the

separation of 51 nm and 140 nm particles. The corresponding f.,, values are listed in Table 4-1 and Matlab

codes are listed in Appendix B.
Generally, the electrical force on a spherical particle is expressed as *
Fe =4mey (o (1 +kr)E (4-2)

where g, is the zeta potential of particles, and 1/x is the characteristic thickness of the electrical double

layer (EDL). The particles used in this work are all negatively charged and their electrophoretic motion

directs to the positive electrode. The force ratio between electrical force and DEP force is given by:

F, 20, (1+Kr)E 20, kE _ (4-3)
= =~ for th
Foer 72 ReGa)(VIEID) ~ 7 Re(o) (WIEP) COF thin EDL)

The ratio between the electrical force and DEP force on the particle is increased by 10% when the size

of the particle decreases from the micron scale to the nanoscale. This indicates the electrophoretic motion
of nanoparticles is important and can be favorable for DEP separation of nanoparticles by adjusting the
position of the positive electrode (i.e., the polarity of the applied electric field). In the DC-DEP separation
of nanoparticles, the electrical conductivity of the suspending medium was selected in such a way that the
nanoparticles of a given size experience positive DEP force (attracting to the strong electric field at the
small orifice) while the nanoparticles of another size experience negative DEP (being repelled away from
the small orifice). Therefore, in these experiments, electrode D (on the opposite side to the small orifice)
was selected as the positive electrode. In this way, the electrophoresis motion of the nanoparticles is in the
same direction as the negative DEP, enhancing the separation of the particles undergoing negative DEP.
Based on the calculated f,;, in Table 4-1, the numerical simulation of the trajectory of 140 nm and 500 nm
particles have been conducted by COMSOL 4.3b via the particle tracing module. Figure 4-6 shows the
separation of 140 nm and 500 nm particles with 60 V applied at electrode D. The width and length of the

small orifice are 0.51 um and 5 um, respectively, and the large orifice width is 125 um.

Table 4-1 The Clausius-Mossotti factor (fcm) for the polystyrene particles of three different sizes in the

suspending medium with two different electric conductivities.

Diameter of fem With fem With

Om =1%1072S/m Om =4 %1072 S/m
particle (nm)
0.4 mM K;HPO, solution 1.6 mM K,;HPO; solution
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Figure 4-6 Numerical simulations of the separation of the 140 nm and 500 nm. 60 V is applied at electrode
D, and zero volts is applied at electrode C. The width and length of the small orifice are 0.51 um and 5 um,
respectively, and the large orifice width is 125 um.

By using a selected suspending medium, the separation based on the opposite dielectrophoretic
behaviors as a function of particle sizes is shown in Figure 4-7 and Figure 4-8. In these experiments, 51 nm
and 140 nm fluorescent particles were used in order to show their trajectories. The 500 nm particles used
in the experiments are non-fluorescent particles. Figure 4-7 shows that the mixture of 140 nm and 500 nm
particles was well separated by inducing positive DEP force on 140 nm particles which were attracted to
the small orifice area and moved into outlet channel E, and by inducing negative DEP force on the 500 nm
particles which were repelled from the small orifice and moved to the outlet channel F. In Figure 4-8, the
fluorescent images clearly show the separated trajectories of the red fluorescent 51 nm particles and green
fluorescent 140 nm particles. Evidently, the mixed red fluorescent 51 nm particles and green fluorescent
140 nm particles were separated and directed into outlet channels E and F by positive-DEP and negative-
DEP, respectively. This indicates that the proposed nano-orifice based DC-DEP separation method can be
used for the separation of nanoparticles with smaller size differences, i.e., a 90 nm size different as

demonstrated in Figure 4-8.
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Figure 4-7 Separation of 140 nm and 500 nm particles. (a) Fluorescent image showing the trajectories of
140 nm fluorescent (green) particles. (b) Trajectories of 500 nm non-fluorescent particles. 60 V is applied
at electrode D. The width and length of the small orifice are 0.51 pm and 5 pm, respectively, and the large
orifice width is 125 pm.
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Figure 4-8 Separation of 51 nm and 140 nm particles. (a) Fluorescent image showing the trajectories of
51 nm particles. (b) Fluorescent image showing the trajectories of 140 nm particles. 100 V is applied at
electrode D. The width and length of the small orifice are 0.51 pm and 5 pm, respectively, and the large
orifice width is 125 pm.

4.2.4.2 Separation of nanoparticles by type

Dielectrophoresis is the induced movement of polarizable particles due to the dielectric differences
between the particles and suspending medium in non-uniform electrical fields. Under DC electric fields,

fem is solely determined by the electric conductivity of the particle, o,,, and the conductivity of the

suspending medium, a,,, and expressed as "
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(Jp - Um) (4'4)

fem = (ap + 20,,)

It can be seen easily from Equation (4-4), the sign of the CM factor f) determines the directions of
the DC-DEP effect, i.e., positive DEP or negative DEP. For two different kinds of particles with similar
sizes, the particles can have opposite DEP behaviors depending on the sign of fcy. If the electric
conductivity of one kind of particles is larger than that of the suspending medium, i.e., fom > 0, they will
experience p-DEP force and be attracted towards high electric field region. If the other type of particles has
an electric conductivity smaller than that of the suspending solution, i.e., fci < 0, they will be pushed
away by the n-DEP towards the electric field minimum. Therefore, for particles with similar sizes but
different electric conductivities, they can be separated by DC-DEP and move into different outlet channels
after passing through the non-uniform electric field area by selecting a suspending medium with an electric

conductivity, g,1 < o, < Opg.

Separation of microparticles by electric conductivity The separation of 5.2 um magnetic-coated
polystyrene (PS) and 7 um fluorescent PS particles, and 14 um silver-coated hollow glass beads and 15 um
plain PS particles were conducted by applying 150 V and 120 V, respectively, at electrode C, while
electrode D is grounded. The related physicochemical data of the microparticles are listed in Table 4-2 27,
The CM factor (f)) values of the above-mentioned four different kinds of particles are plotted as a function
of the electric conductivity of the suspending solution, g,,, and are shown in Figure 4-9. It can be seen that
in a certain range of o,,, the different kinds of particles with similar size will experience different positive
and negative DEP effects, respectively. In this study, a solution of 0.4 mM K,HPO, with a pH value of 7
and an electric conductivity of 1>X 1072 S/m was utilized as the suspending medium. For the microfluidic
chips used in the experiments, the width and length of the small orifice are all 1.5 um and 15 um,
respectively, and the width of the large orifice is 125 um. The trajectory shifts of the particles are shown in
Figure 4-10, which is achieved by superimposing a series of images of the moving particles under a given

condition.

Table 4-2 Physicochemical data and the Clausius-Mossotti factor (fem) for four different kinds of micro-

particles in a suspending medium with electric conductivity of on=1%10"2 S/m.

Material and . Diameter Conductivity P

aterial and property cM
(nm) (S/m)

Fluorescent polystyrene particle 7 0.57x10-® -0.46
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Figure 4-9 Prediction of fom for four different kinds of microparticles, i.e., 5.2 pm magnetic-coated PS and
7 pm fluorescent PS particles, and 14 pm silver-coated hollow glass beads and 15 pm plain PS particles,

as a function of the electric conductivity of the suspending solution o.

As shown in Figure 4-10(a), the particle mixture in the solution was introduced into the main channel
from branch channel A and focused as a thin stream along the sidewall of the channel. The magnetic-coated
particles (fqp = 1, Table 4-2) were attracted towards the small orifice by the p-DEP force and flow into
branch E, while the fluorescent polystyrene particles (fz, = 0.46, Table 4-2) were deflected towards the
large orifice by the n-DEP force and flow into branch channel F. Furthermore, Figure 4-10(b) shows the
mixture of the silver-coated hollow glass beads and the plain polystyrene particles were well separated by
the positive DEP force on the silver-coated hollow glass beads (f.y; = 1, Table 4-2) and the negative DEP
force on the plain polystyrene particles (f;, = 0.48, Table 4-2), and moved into branch channels E and F,
respectively. It should be noted that the proper electric field required to achieve successful separation of
particles depends on the dimensions of the asymmetric orifices, the electric conductivity of the suspending
medium and the flow rate. Generally, the gradient of the electric field will become stronger with the increase
of the applied voltage difference and the width ratio of the orifices, and with the decrease of the length of

the small orifice. While a strong electric field gradient can generate a large DEP force and hence a large
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trajectory change of the particles, a large volume flow rate or a high speed of the liquid carrying the particles
will shorten the time period that the particles experience the DEP force in the vicinity of the small orifice.
Therefore, the voltage required for the best separation effect will vary with the dimensions of the
microchannel and the asymmetric orifices, as well as the flow rate of the suspending medium. Figure 4-10
shows that the mixture of the magnetic-coated polystyrene particles and the fluorescent polystyrene
particles, and the mixture of the silver-coated hollow glass beads and the plain polystyrene particles were
well separated by applying 150 V and 120 V, respectively, across the pair of asymmetric orifices (i.e., the
small orifice with a width and length of 1.5 um and 15 um, respectively and the large orifice with a width
of 125 um) at a flow rate of approximate 0.468><10-* L s~ and 1.315x10-3 L s respectively. Moreover,
since the DEP force increases with the particle radius, the electric voltage applied in the case of Figure
4-10(b) is lower than that in the case of Figure 4-10(a). In addition, an electric current generates a magnetic
field which can attract magnetic particles leading to a similar phenomenon to positive DEP. Magnetic field
effects on the magnetic particles are discussed in Appendix C.

R T S T
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W=15um B /
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Figure 4-10 (a) Separation of 5.2 pm magnetic-coated polystyrene particles and 7 pm fluorescent
polystyrene particles. 150 V is applied at electrode C. (b) Separation of 14 pm silver-coated hollow glass
beads and 15 pm plain polystyrene particles. 120 V is applied at electrode C. The width and length of the
small orifice is 1.5 pm and 15pm, respectively, and the width of the large orifice is 125 pm.

Separation of nanoparticles by p-DEP and n-DEP In order to examine the sensitivity of this novel
DC-DEP separation method, the experiments of the separation of mixtures of 140 nm fluorescent
polystyrene nanoparticles and 150 nm magnetic (FesOs core) nanoparticles, and mixtures of 470 nm
magnetic-coated particles and 490 nm plain polystyrene nanoparticles were conducted. The related
physicochemical data of these nanoparticles are listed in Table 4-3. In Figure 4-11, the f,, values of the

nanoparticles of four different types are plotted as a function of the electric conductivity of the surrounding
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medium, a,,,. In order to make sure that one kind of nanoparticles experience p-DEP force and another type
of nanoparticles with similar size experiences n-DEP, two different suspending mediums were employed.
A solution of 1.6 mM K,HPO, with pH of 7 and a conductivity of 4 X 1072 S/m was used for the separation
of the 140 nm fluorescent polystyrene nanoparticles and 150 nm magnetic nanoparticles, and the solution
of 0.4 mM K;HPO, with a pH 7 and a conductivity of 1 X102 S/m was used for the separation of 470 nm

fluorescent magnetic-coated particles and 490 nm plain polystyrene nanoparticles.

Table 4-3 Physicochemical data and the Clausius-Mossotti factor (fcm) for four different kinds of
nanoparticles in the suspending medium with two different electric conductivity, i.e., om=4%10"2 S/m for
the mixture of 140 nm fluorescent polystyrene and 150 nm magnetic nanoparticles, and om=1%10"% S/m
for the mixture of 470 nm fluorescent magnetic-coated particles and 490 nm plain polystyrene

nanoparticles.

Diameter Conductivity
Materials and property fem
(nm) (S/m)
Fluorescent polystyrene particle 140 2.6x10-2 -0.1
Fluorescent magnetic (FesO4 core) nanoparticles 150 10%~10° ~1
Plain polystyrene particle 490 0.8x102 -0.07
Fluorescent magnetic—coated polystyrene particle 470 10%~10° ~1
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Figure 4-11 Prediction of fcm for four different kinds of nanoparticles as a function of the electric

conductivity of the suspending solution .

By utilizing a specific suspending medium, the separation of nanoparticles based on the opposite
dielectrophoretic behaviors resulting from the difference in the particles’ electric conductivity is shown in
Figure 4-12 and Figure 4-13. In order to show the unique trajectories of the nanoparticles, the 140 nm
polystyrene nanoparticles, 150 nm magnetic nanoparticles, and the 470 nm magnetic-coated particles used
in this study are all fluorescent particles, and the 490 nm plain polystyrene nanoparticles are non-fluorescent
particles. In Figure 4-12(a) and Figure 4-12(b), it clearly shows the separated trajectories of the red
fluorescent 470 nm magnetic-coated particles and the 490 nm plain polystyrene nanoparticles. The mixture
of the red fluorescent 470 nm magnetic-coated and 490 nm plain polystyrene nanoparticles were
continuously entering the separation region from branch channel A and was separated and moved into
branch channels E and F by p-DEP and n-DEP forces, respectively. In order to make sure that the 490 nm
plain polystyrene nanoparticles were moved into branch channel F, Figure 4-12(c) shows the trajectories of
the pure 490 nm plain polystyrene nanoparticles under the same conditions. It can be clearly seen that the
plain polystyrene nanoparticles were repelled further away towards the large orifice and directed into
branch channel F. Clearly, Figure 4-12(c) shows that the pure 490 plain polystyrene nanoparticles have the

same trajectories as they were in the case of the mixture as shown Figure 4-12(a).
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Figure 4-12 (a) Separation of 470 nm magnetic-coated particles and 490 nm plain polystyrene
nanoparticles. (b) Fluorescent image shows the trajectories of the 470 nm fluorescent (red) magnetic-
coated particles undergoing p-DEP. (c) Trajectories of 490 nm non-fluorescent polystyrene nanoparticles
experiencing n-DEP. 280 V is applied to electrode C and electrode D is grounded. The width and length of
the small orifice are 0.86 jum and 15 jum, respectively, and the width of the large orifice is 125 pm.
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Figure 4-13 Separation of 140 nm green fluorescent polystyrene particles and 150 nm red fluorescent
magnetic nanoparticles. (a) Fluorescent image shows the trajectories of the 150 nm fluorescent (red)
magnetic nanopatrticles experiencing p-DEP. (b) Fluorescent image shows the trajectories of the 140 nm
fluorescent (green) magnetic nanoparticles experiencing n-DEP. 160 V is applied at electrode D. The width
and length of the small orifice is 0.86 pm and 15 pm, respectively, and the width of the large orifice is 125
pm. (The bright dots along the boundary of the microchannel in both two figures are caused by the dust
inside the channel).

As the particle size reduces to the nanometer, the DEP force exerted on the nanoparticles is
significantly decreased. It should be realized that all these particles carry negative surface charges, and the
ratio between the electrostatic force and the DEP force exerted on the particles can be increased by 10°
times when the particle size reduces from micron scale to nanoscale %, If the electrode C is used as the
positive electrode, the electrostatic attraction force (electrophoresis) on the negatively charged
nanoparticles is in the opposite direction of the negative DEP force. Therefore, in order to enhance the
separation effect, the polarity of the applied electric field is reversed (i.e., the electrode D is used as the
positive electrode) for the separation of the smaller nanoparticles, i.e., the 140 nm polystyrene nanoparticles
and the 150 nm magnetic nanoparticles. In this way, the direction of the electrophoretic motion of the
nanoparticles is the same as that of the n-DEP, enhancing the separation of the nanoparticles undergoing
negative DEP. As shown in Figure 4-13, the continuously flowing mixture of the 140 nm green fluorescent
polystyrene particles and 150 nm red fluorescent magnetic nanoparticles were successfully separated. The
polystyrene nanoparticles (green) were pushed away from the small orifice by the negative DEP force (and
electrophoresis) and flowed into the branch channel F. The magnetic nanoparticles are attracted by the
positive DEP force towards the vicinity of the small orifice and moved into the branch channel E. This
indicated that the novel nano-orifice based DC-DEP separation method can be utilized to continuously

separate small nanoparticles with similar size but different electric conductivities.

4.3 Manipulation of Janus particles

In the previous section, we have proposed a novel asymmetric orifice based method using DC-DEP
for the separation of the isotropic particles in a microchannel and demonstrated that mixed nanoparticles of
two different sizes or nanoparticles of similar size but different types can be continuously sorted and
diverted into two individual channel branches. While in practice, we also need to manipulate the Janus
particles which are anisotropic particles by using the same principle. The dielectrophoretic forces acting on
Janus particles under DC electric field will be derived and the physical and mathematical models will be
described in details. Then the results for the DC-dielectrophoretic manipulation of the Janus particles will

be demonstrated “°.

58



4.3.1 DC-dielectrophoresis of Janus particles

The Janus polystyrene (PS) particle with one-half coated with a metal layer is shown in Figure 4-14.

PS core:
Ep» Op

Metal layer:

EMetal: TMetal
PS

Suspending medium
Em Om
Figure 4-14 Schematic of a Janus particle with one hemisphere coated with a metal layer.

The dielectrophoretic movement of the Janus particles is the result of the combined DEP forces on the

metal-coated PS (PS-Metal) hemisphere and on the untreated PS hemisphere, which is expressed as 253
Fpep,janus = Fpepps + Fpep metal (4-5)

Since the thickness of the metal coating can be negligible, compared with the micron-sized particle,
the volume of the original polystyrene particle, with a radius of a, approximately equals to the total volume

of a polystyrene sphere and a polystyrene sphere with the metal coating 2%

4 (4-6)
V= §T[a3 = Veff,PS + Veff,Metal = §nagff,ps + §T[a2ff,Metal

where the acrrps and aerf ps—metar are the effective radii of the PS sphere and the PS-Metal sphere,
respectively. If the volumetric percentage of the uncoated polystyrene part of the Janus particle is K, then

(1-K) is the volumetric percentage of the part of the Janus particle with the metal coating.

Verrps = K *V,Verr ps_metar = (1-K)*V (4-7a)
agff,ps =K =*a®, agff,ps—Metal =(1—-K)*a® (4-7b)

The surface area for the uncoated part of the Janus sphere can be written as:
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Sps = 4ma® — T * 4ma® (4-8)

where T is the metal coating coverage on the Janus sphere. Moreover, the surface area for the uncoated part

of the Janus sphere can also be expressed as

SPS = 27Tah (4_9)

where h = (1 — T) X 2a. The corresponding volume of the uncoated part of the Janus sphere is expressed

as
h 21T 4-10
VPS:TI:hZ (a—g): (1_T)2X4T[a3(1— ( e )) ( )
Then
2 4-11
Vs _ T°+4ma’(1—3T) L. 2(1=T) (4-11)
K=y = =301 -T (1 -=5)
4 41a 3
3

In this way, when the metal coating coverage T is given, the corresponding volumetric percentage K
will be known, hence the effective radii of the PS sphere and the PS-Metal sphere. The overall DEP force
applied on the Janus particle can be written as:

Fpep janus = Fpep,ps + Fpep,ps-Metal (4-12)
= 2mem [a3rf ps * Re(fomps) + Aoffps—metal
* Re(fom,ps-metar) | (VIEI*)
= 2mepa® [K * Re(feu,ps) + (1 = K) * Re(fom,ps-metar) | (VIEI?)

where the effective CM factor for the Janus particle can be described as
Re(fCM,]anus) = KRe(fCM,PS) +(1- K)Re(fCM,PS—Metal) (4-13)

In Equation (4-12), the CM factor for the polystyrene sphere is calculated by

& — Em ) (4-14)

f CM,PS = (=
&+ 2em,

while the CM factor for the PS-Metal sphere can be expressed, based on a shell model, ®° as:

f = ( Eps—Metal ~ €m ) (4-15a)
CM,PS—Metal =
o £;S—Metal + Zgr*n
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Eps—Metal = EMetal V12 + (

Metal)]/[ gMetal) (4'15b)

p + EMetal p + gMetal

where the factor y,, = a;/a, and a, is the radius of the PS sphere with the metal coating, and a is the
radius of the polystyrene sphere. When the DC electric fields are applied, the fcp janys DECOMes dependent

only on the conductivity of the particle and the suspending medium, and can be described as

0y — Ops—Metal — Om (4-16)
— Kp— +(1—-K
fem.janus Op + 20y ( )UPS Metal T 20m

Oyp—0 0p—0, . ..
Where 0ps_metal = Ometar |V, + 2 (—2etal. ]/[y12 — (”—M”“’)]. The electric conductivity of the
Up‘l'ZO'Metal Op+20Metal

particles could be calculated by the surface conductance, o, = g, + Ts The value of the bulk conductivity
o}, is negligible and the surface conductance K, = 1 nS for polystyrene particles 2’8, Therefore, based on
the values of fru janus, different DEP behaviors of the Janus particle can be predicted. If fop janus < 0,
the Janus par- ticles will be repelled by the negative DEP forces away from the location where the maximum
electric field exists. While if fp janus > 0, positive DEP will attract the Janus particles towards the high

electric filed region. Finally, the DEP force acting on the Janus particle under DC electric fields is expressed
as

Om Ops—Metal — (4-17)
F = 2nead K”—+ 1-K V|IE
DEP,Janus TeEm o, + 20 ( )UPS otal + 2 v | )

It can be seen from Equation (4-17) that the value of the DEP force is proportional to the particle size
(a®) and the gradient of the electric fields squared (V|E|?), and the DEP behaviors of the Janus particles
and the direction of the particles’ motion are determined by the fcu janys- The Janus particles with different
sizes will be separated and directed into different trajectories. Furthermore, it also can be inferred from
Equation (4-11) and Equation (4-16) that the fcp janus iS determined by the metal coating coverage,
thickness, and electric conductivity of the Janus particles. Therefore, by choosing the suspending solution
with a certain electric conductivity, the Janus particles of the same size but different fry ;qnys, Can

experience negative and positive DEP, respectively, and can be separated.
4.3.2 Physical and mathematical models

Figure 4-15 shows the top view of the 2-D geometrical model of the orifice based DC-DEP
microchannel. This channel consists of the main channel with a length of 300 pm and a width of 80 jm and
six branch channels. The sample inlet channel (A) has a length of 300 m and a width of 20 pm, the flow
focusing inlet channel (B) has a length of 340 pm and a width of 80 pm , two channels connect the two
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orifices to two wells for placing the external electrodes, the small orifice has a length of 2.5 pm and a width
of 800 nm and the large orifice has a width of 100 pm, and two outlet channels (E and F) have a length of
340 pm and a width of 80 m . The angle between the inlet channels (A and B) and the main channel is
45< which is the same for that between the main channel and the outlet channels (E and F). Pressure-driven
flows are applied to bring the mixed Janus particles and the homogeneous polystyrene particles from
channel A and the focusing stream from channel B into the main channel. The particles are forced by the
focusing stream to move close to the sidewall that has the small orifice. By applying a DC voltage on the
external electrodes suspending in wells C and D across the microchannel, a strong non-uniform electric
field gradient is generated in the vicinity of the smaller orifice. The particles passing through this region
will experience the DEP forces and their trajectories will change. For the particles with fiy janus < 0, they
will experience the negative DEP forces and be repelled away from the smaller orifice, i.e., the electric field
maximum, and flow into channel F. While for the particles with fcp j4nus > 0, they will be attracted

towards the smaller orifice and move into channel E.
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Figure 4-15 Schematic illustration of the asymmetric orifice based DC-DEP microchannel.
4.3.2.1 Electric field

As shown in Figure 4-15, the electric potential is applied across the microchannel via the smaller
orifice to the large micro-orifice. The distribution of the applied electric field ¢ is governed by the Laplace's

equation

VZp=0 (4-18)

and the non-conducting boundary conditions at the microchannel walls except the orifice areas, as well as

specific electrical potentials applied at the external electrodes

¢ =V, at the nano orifice (4-19a)
@ = 0V at the large orifice (4-19b)
i(Vp) = 0 at channel walls (4-19c)

where fi is the unit normal vector at the microchannel wall.
4.3.2.2 Flow field

As the liquid flow in the microchannel is considered as an incompressible laminar flow, the flow field

is governed by the Navier-Stokes equation

ou

4-20a
p—+ﬂ-Vﬁ]=—VP+yV2ﬁ ( )

ot
and the continuity equation

V-i=0 (4-20b)

where 1 is the velocity vector, p and u are the density and viscosity of the solution, ¢ is the time, and VP is
the pressure gradient. As it is a steady flow, the flow field does not change over time, then the ‘Z—f term in

Equation (4-20a) is negligible. Moreover, as the velocity of the flow inside the microchannel is very low,
the inertia term u - Vi can also be neglected. The non-slip boundary condition at the microchannel walls is
described by Equation (4-19¢). The inlets and outlet of the microchannels are set with specific velocity

values.

u = u, at the inlets (4-21a)
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P = 0 at the outlets (4-21b)
u = 0 at channels walls (4-21c)

4.3.2.3 Particle tracing

In order to trace of trajectories of the Janus particles moving in the liquid, the particle motion is
considered to be coupled with the electric fields and flow fields. The particles’ motion is governed by

Newton’s second law 86:279

v (4-22)

where m,, and ¥ are the particle mass and velocity, respectively, ﬁt is the net force which includes the

viscous drag force and the DEP force.

Due to the fluid viscosity, the drag force is exerting on the particles when moving in the fluid flow.

For laminar flow, the drag force on the particles is known as Stokes drag law and is described as

S 1 N 4-23
Fdrag =—my (u—-v) ( )
Tp
2p,r? (4-23b)
T, = o

where p is the fluid dynamic viscosity, and p,, and r are the density and radius of the particle, respectively.

The dielectrophoretic force exerted on the Janus particles is given by:

Ops—Metal — Om (VlElz) (4'24)

0, — O,
FDEP,]anus = 27T‘gma?’ Ku + (1 - K)

Up + 2O'm Ops—Metal + 2O'm

where K = 3(1 —T)?(1 — @) and T is the coating coverage.

In this study, commercial software COMSOL 4.3b was used to solve the above-mentioned equations
and boundary conditions, and to conduct the numerical simulations of the continuous separation of the
Janus particles and the homogeneous particles. Firstly, the flow field and the DC electric field were
computed using a stationary solver. Then, the mixed particles were intruded into the microchannel using
the particle tracing module. The particle trajectories with the effects of the DEP forces were solved in the
computation. In order to study the various effects, i.e., the strength of the electric fields, as well as the gold-
coating coverage, thickness, and electric conductivity of the Janus particles, on the trajectories of the Janus

particles, extensive numerical simulations are conducted and analyzed. The number of the meshed triangle
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elements is 59178 and the boundary elements are 1958, in order to achieve the mesh independent results.

The values of the parameters used in the simulation are shown in Table 4-4.

Table 4-4 Values of parameters used in the simulation.

Parameters Values
Dielectric constant of water, ¢, 80
Permittivity of vacuum, g, (F/m) 8.85x10712
Density of water, p,, (kg/m°) 1000
Dynamic viscosity of water, u,, (Pa-s) 1x<10°%
Density of particle, p,, (kg/m®) 1050
Electric conductivity of 3 um polystyrene particle, o; (S/m) 24 1.3x10°3
Electric conductivity of 5 um polystyrene particle, o, (S/m) 0.8x10°3
Electric conductivity of gold coating, gy, (S/m) 26 4.5%10’
Length of the main channel and microchannel A (pm) 300
Length of microchannel B, E, and F (jm) 340
Width of microchannel A (jum) 20
Width of the main channel and microchannel B, E and F (jum) 80

Inlet velocity of microchannel A and B, u; (jum) 800

4.3.3 Results and discussion

4.3.3.1 Effect of the applied voltage

The effect of the strength of the electric field on the separation of 3 pm and 5 pm Janus particles with

25% gold coverage was investigated by applying different electric voltages at electrodes C from 120 V to

290 V. The electrode D is grounded. The electric conductivity of the suspending medium is used as a,,, =

5 x 102 S/m, and the thickness of the gold coating is assumed as 100 nm and the conductivity of the gold

coating is o4, = 4.5 X 107 S/m. As shown in Figure 4, the trajectories of 3 pm and 5 pm Janus particles

with 25% gold coverage varies with the applied electric field.
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Figure 4-16 Variation of the trajectories of the 3 pm and 5 pm Janus particles with 25% gold coverage
with the voltages applied at electrode C while electrode D is grounded. The electric conductivity of the

suspending medium is on=5x10"2 S/m in all cases.

As shown in Figure 4-16, the mixed 3 mand 5 pm Janus particles with 25% gold coverage experience
negative DEP forces. As indicated by Equation (4-17), the magnitude of the DEP force is proportional to
the gradient of the electric field squared V|E|? and the size of the particle (a®). The DEP forces exerting
on the particles will increase as the applied electric voltages increase. Moreover, the magnitude of the DEP
forces acting on the 5 pm Janus particles are approximately 5 times stronger than that on the 3 pm Janus
particles, leading to larger trajectory shifts. It can be seen from Figure 4-16(a), due to the weak DEP forces
when 120 volts is applied, the trajectory shifts of the large Janus particles and the small Janus particles after
passing through the vicinity of the nano-orifice are not large enough and the large and the small particles
moved into the same outlet channel E. As shown in Figure 4-16(b), when the voltage is increased to 150

volts, a larger trajectory shift is induced by the stronger DEP forces. However, the small Janus particles and
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large Janus particles still flowed into the outlet channel E. When increasing the applied voltage to 180 volts
as shown in Figure 4-16(c), a significant trajectory shift is generated for the large Janus particle by the
stronger DEP force at the nano-orifice region. In this way, the separation of 3 pm and 5 m Janus particles
with 25% gold coverage was achieved and they were directed into different outlet channels E and F,
respectively. As shown in Figure 4-16(d), the desired separation of large Janus particles and small Janus
particles into distinct outlets cannot be accomplished with the further increased applied voltage. Under 290
volts, the large Janus particles and small Janus particles both are repelled into outlet channel F by the overly
stronger DEP forces.

4.3.3.2 Effect of gold coating coverage

The CM factors for 5 pm polystyrene-based Janus particles with various different gold coating
coverage as a function of the electric conductivity of the suspending medium is shown in Figure 4-17. The
thickness of the gold coating is assumed as 100 nm and the electric conductivity of the gold coating is
0,4,=4.5>10" S/m %3, Moreover, the separation of the 5 pm Janus particles with 75% gold coverage from 5
MM homogeneous polystyrene particles, as well as the separation of 5 jum Janus particles with 25% and 75%
gold coverage are shown in Figure 4-18. The electric conductivity of the suspending medium is utilized as
0, =5>10"2 S/m.

o, [S/m]

Figure 4-17 Value of femuanus for the 5 pm polystyrene-based Janus particles with five different gold
coverage: 0%, 25%, 50%, 75%, 100%, as a function of the electric conductivity of the suspending solution

om. The thickness of the gold coating is assumed as 100 hm.
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Figure 4-18 (a) Separation of 5 pm Janus particles with 75% gold coverage (fcm,sanus=0.7675) and 5 pm
homogeneous polystyrene particles (femans=—0.4881). (b) Separation of 5 pm Janus particles with 25%
(femaanus=—0.2556) and 75% (fcmuans=0.7675) gold coverage. 180 volts is applied at electrode C and
electrode D is grounded. The electric conductivity of the suspending medium is o»=5%10"2 S/m, and the

thickness of the gold coating is assumed as 100 nm.

It can be seen from Figure 4-17, by using a specific suspending medium, i.e., 0,,,=5>x10-2 S/m, the
separation of the 5 pum Janus particles with 75% gold coverage and 5 um homogeneous polystyrene particles,
as well as the separation of 5 m Janus particles with 25% and 75% gold coverage can be achieved based
on their different dielectrophoretic behaviors, i.e., the homogeneous polystyrene particles and the Janus
particles with 25% gold coverage experience negative DEP, while Janus particles with 75% gold coverage
experience positive DEP. As inferred from Equation (4-17), the sign of the DEP force is determined by the
value of the CM factor. The Janus particles will experience negative DEP forces if fcy janus < 0, while if
fem, janus > 0 the Janus particles will undergo positive DEP effects. It can be seen from Figure 4-18(a), the
mixture of the Janus particles with 75% gold coverage and homogeneous polystyrene particles is forced to
move closely to the nano-orifice. As the values of the CM factors for the Janus particles with 75% gold
coverage and the homogeneous polystyrene particles are 0.7675 and -0.4881, respectively, the Janus
particles with 75% gold coverage experience positive DEP force, and are attracted towards the maximum
electric field region and move into outlet branch E. While the homogeneous polystyrene particles are
pushed away from the nano-orifice by the negative DEP force and flow into outlet branch F. Furthermore,
as shown in Figure 4-18(b), the mixed sample of Janus particles with 25% and 75% gold coverage are well
separated by the positive DEP force on the Janus particles with 75% gold coverage and by the negative

DEP force on the Janus particles with 25% gold coverage and then move into outlet E and F, respectively.
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4.3.3.3 Effect of gold coating thickness

The CM factors for the 5 um polystyrene-based Janus particles with 25% gold coverage but different
gold coating thicknesses as a function of the electric conductivity of the suspending medium is shown in
Figure 4-19. The electric conductivity of the gold coating is g,,,=4.5><10” S/m. As shown in Figure 4-19,
the fem,janus Values for the Janus particles with five different gold coating thicknesses are essentially
identical. Therefore, the Janus particles with different coating thicknesses will experience the same DEP
effect for a given electric conductivity of the suspending medium. The effect of the coating thickness of the
Janus particles on their trajectories can be considered negligible when using DC-DEP method.
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Figure 4-19 Value of femganss for the 5 um Janus particles with 25% gold coverage but five different gold
coating thicknesses: 100 nm, 200 nm, 300 nm, 400 nm, and 500 nm, as a function of the electric conductivity

of the suspending solution om. The electric conductivity of the gold coating is oa, =4.5%10" S/m.
4.3.3.4 Effect of electric conductivity of coating material

The CM factors for the 5 um polystyrene-based Janus particles with 25% coating coverage but
different electric conductivities of the coating material as a function of the electric conductivity of the

suspending medium are shown in Figure 4-20. The coating thickness is assumed as 100 nm,
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Figure 4-20 Value of fcmganus for the 5 pm polystyrene-based Janus particles with 25% coating coverage
but five different coating electric conductivities: o1 =4.5%10" S/m, o, =4.5%10* S/m, o3 =4.5%10 S/m, 04
=4.5x%10"2S/m, and a5 =4.5x10° S/m, as a function of the electric conductivity of the suspending solution

om. The coating thickness is 100 nm.

It can be inferred from Figure 4-20 that there are some differences in the frp jqnys Value for the Janus
particles with different coating materials, i.e., different electric conductivities. Compared with the Janus
particles with more conductive coating materials, the Janus particles with less conductive coating materials
show relatively smaller fry jqnys Values when the electric conductivity of the suspending medium is
selected. Furthermore, under a certain electric conductivity of the suspending medium, the Janus particles
with different coating electric conductivities will exhibit different dielectrophoretic behaviors. For example,
as shown in Figure 4-20, when the electric conductivity of the suspending medium is selected as a,,=1><10~
3 S/m, the Janus particles with a coating electric conductivity o;=4.5<10" S/m experience positive DEP,
while the Janus particles with a coating electric conductivity o5=4.5<10-° S/m experience negative DEP.
Thus, these two types of Janus particles may be separated by the DC-DEP method described in this paper.
As shown in Figure 4-21, the mixed Janus particles with two different coating electric conductivities are
introduced into the main channel from inlet branch A and driven to flow along the sidewall of the channel
to pass the region of the nano-orifice. The Janus particles with coating electric conductivity o;=4.5x10"
SIm (i.e., fem,janus=0.0960) experience positive DEP and always move to the outlet channel E. The Janus
particles with coating electric conductivity 05=4.5x10-> S/m (i.e., fcy janus—0.0946) experience negative

DEP and are pushed away from the nano-orifice region. When the applied electric field is sufficiently large,
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i.e., V¢ > 180 V in this case, the trajectory shifts of the Janus particles experiencing negative DEP are
sufficiently large, these particles move into the outlet channel F and, in this way, they are separated from

the particles experiencing positive DEP.
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Figure 4-21 Trajectories of 5 pm Janus particles with a coating electric conductivity o1 =4.5%107 S/m
(femuanus=0.0960) and 5 pm Janus particles with a coating electric conductivity o5 =4.5%107° S/m
(femaanus=—0.0946) with different voltages applied at C while D is grounded. The electric conductivity of

the suspending medium is selected as om =1x10"3 S/m, and the coating thickness is 100 nm.

4.4 Conclusion

A new DC-DEP microfluidic device is developed for continuously separating particles with similar
size but different electric conductivities. A novel nano-orifice based DC-DEP method for continuous size-

dependent separation of isotropic micro and nanoparticles and the separation of similar size nanoparticles
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by type, and numerical manipulation of the polystyrene-based Janus particles under DC electric fields in a
pressure-driven flow is developed. The motion of particles is controlled by the pressure-driven flow, and
in order to induce sufficient DEP forces, the strong non-uniform electric field is generated by applying a
small DC electric voltage across the microchannel via a pair of asymmetric orifices, i.e. a nano-orifice and
a micron orifice on the opposite sidewalls of the channel. The particle mixture experiences a DEP force
when passing through the vicinity of the small orifice where the strongest electric field gradient exists and
the mixed particles are separated into two different streams and moved into two individual outlet channels.
The effects of key parameters such as electric field and the width and length of the small orifice were
investigated experimentally in this study. By choosing an appropriately large width ratio of the nano-orifice
and the micron orifice and a shorter small orifice, the sufficiently strong gradient of the electric field and
hence sufficiently large DEP forces are generated, which enables the manipulation and separation of smaller
micron and nano-sized particles and particles with the smaller size difference. By adjusting the applied
electrical voltage and the electrical conductivity of the suspending solution, this new method is able to
achieve the separation of nanoparticles as small as 51 nm and 140 nm in diameter, i.e. with a size difference
of 90 nm, as well as the separation of smaller nanoparticles (e.g., 140 nm) with similar sizes but different
electric properties. In order to further understand the dielectrophoretic motion of the Janus particles under
DC electric field, the DC-DEP force acting on the Janus particles is derived and analyzed. To assess the
different DEP behaviors of the Janus particles, the Clausius—Mossotti factors of the Janus particles, in terms
of the electrical conductivity of the suspending solution, are studied. Furthermore, the successful size-
dependent separation of 3 pm and 5 m Janus particles and the different DEP effects-based separation of
the 5 m Janus particles and homogeneous polystyrene particles by choosing the suspending medium with
a specific electric conductivity are demonstrated. By adjusting the electrical conductivity of the suspending
solution, the Janus particles of the same size but different electric properties show different
dielectrophoretic behaviors, i.e. one kind of the Janus particles experiencing positive DEP and another
undergoing negative DEP, respectively. Thus this novel nano-orifice based DC-DEP method can be utilized
for the separation of Janus particles with the same size by dielectric property. In addition, the effects of the
strength of the electric fields, as well as the coating coverage, thickness and materials of the Janus particles
on their dielectrophoretic behaviors and trajectories are systemically studied. Then, the effect of the coating
thickness of the Janus particles on their dielectrophoretic behaviors and trajectories is negligible when using
the DC-DEP method. The Janus particles with gold coating coverage over 50% will experience positive
DEP effects. The asymmetric orifice based DC-DEP microfluidic device developed in this work shows
advantages of simplicity of fabrication, ability to a strong gradient of the non-uniform electric field, and
capability of sorting nanoparticles and manipulating Janus particles. Therefore, in the asymmetric orifice

based DC-DEP microfluidic chip, the separation sensitivity and resolution depends on the applied electrical
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voltage, the pressure-driven flow rate, the width and length of the small orifice, and the width ratio between
the small orifice and the micron large orifice. Based on different targeted particles, all these parameters can
be optimized both numerically and experimentally to achieve successful DC-DEP manipulation and sorting
of particles.
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CHAPTER 5 Continuous Manipulation and Sorting of
Microemulsion Droplets by DC-DEP*

5.1 Introduction

According to the previous investigation in CHAPTER 4, we found that the asymmetric-orifices based
DC-DEP method could be employed to change the movement trajectory of the isotropic micron and
nanoparticles based on their sizes and types, and the anisotropic Janus particles according to their different
Clausius—Mossotti factors, i.e., different DEP behaviors. As an extension of the asymmetric-orifices based
DC-DEP microfluidic system, we further demonstrate the practical applications of the manipulation and

sorting of the oil and ionic liquid-in-water microemulsion droplets in the microchannel.

Microemulsions are the liquid droplets, which are dispersed in an immiscible liquid and have been
versatile tools in chemical, biological, as well as medical fields. The emulsion droplets are applicable for
the fabrication of solid particles 260282 encapsulation, and screening of cells and DNA 283-287 as well as
drug delivery and screening 288, Generally, the microemulsion is a system of water, oil, and amphiphiles.
The water-in-oil emulsions are used for the transportation of oil-soluble drugs, while the oil-in-water
microemulsions are suitable for the water-soluble ones 2. For the applications which are impossible with
the conventional water-oil microemulsions, ionic liquids (ILs) have been employed. The IL droplets have
led to the development of many new applications in colloid and interface science 2. ILs are salts with
melting points below 100 °C and consist of organic cation and inorganic or organic anion 212%2, Since they
are liquid at room temperature and have excellent solubility in various organic and inorganic compounds
293 the ILs can be formulated to be hydrophobic or hydrophilic and serve as the solvents for various
reactions 2%, Due to the diverse structure and unique physicochemical properties 2%2% j.e., insignificant
vapor pressure and excellent biochemical stability 2%2%7 ILs are applied in a variety of fields such as
separation 2%, electrochemistry 2%¢2% chemical engineering 3*°-3% and biotechnology 31°*!%, Because of the
favorable physical and chemical properties of the ILs, they are proved to be excellent solvents, leading to
improved separation efficiency of metal ions or biomolecules from different media 3143'°, As the droplets

have good compatibility with many chemical and biological reagents, the droplet-based microfluidic

¥ A similar version of this chapter was published as:

(a) Zhao, K.; Li, D. Manipulation and separation of oil droplets by using asymmetric nano-orifice induced DC
dielectrophoretic method. Journal of colloid and interface science 2018, 512, 389-397.
https://www.sciencedirect.com/science/article/pii/50021979717312390.

(b) Zhao, K.; Li, D. Direct current dielectrophoretic manipulation of the ionic liquid droplets in water. Journal of
Chromatography A 2018, 1558, 96-106. https://www.sciencedirect.com/science/article/pii/S0021967318305922.
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technology enables the field of single-cell biology %321, and the droplets can function as individual
microreactors and serve as carriers with a variety of kinds of biochemical reactions 3%232%, Due to the
dimensional scaling benefits, the reactions of fluids in the droplet is controllable and rapid, resulting in
reduced reagent consumption and high manipulation efficiencies 3°. Generally, the droplet microfluidic
involves the production and manipulation of the individual droplet in the microchannels 3%, and it is crucial
to fabricate the droplets in a uniform structure during that process. In spite of the highly-demanded
applications of the droplets, the droplet generation techniques are limited. Normally, the droplets are
manufactured by stirring the mixture with large-scale instruments 37, It is usually difficult to produce
droplets with precise size and typically the droplets have wide size distributions 328, Alternatively,
microfluidics has become a prevalent technique to produce highly monodisperse emulsion droplets 32°,
Depending on the channel geometry in the microfluidic device, T-junction %332 and flow-focusing 334337
configurations are introduced to form droplets with controllable sizes. Recent improvements in microfluidic
emulsion technology enable the generation of uniform emulsion droplets in a small volume by electrical
control, such as dielectrophoretic 338340 and electrowetting on dielectric methods 3#-343, These fabrication
methods can generate large numbers of droplets with a diameter which ranges from nanometers to
micrometers 344, However, it still shows a variation of 3-10% in size of the emulsion droplets produced by
these methods **°. Moreover, the production of the daughter droplets together with the mother droplets is
undesired and then the quality of the droplets becomes hard to control 3¢, Thus, it is essential to develop a
tool for sorting emulsion droplets by size and the droplets with well-defined size and uniform morphology

can be purified for consecutive applications.

Recently, the manipulation of emulsion droplets has attracted considerable interest and the
development of the related microfluidic technology provides various approaches for sorting emulsion
droplets in the microchannel, which include gravity and microchannel geometry effects 34734 mechanical
valves 359353 electrowetting-on-dielectric (EWOD) ** and dielectrophoresis (DEP) 353%°  As the
sedimentation velocity of the smaller droplets is lower than that of the larger droplets, Huh et al. 34
designed the gravity-driven size-based separation system in the microchannel to separate the droplets with
different diameter by employing the hydrodynamic sorting amplification. By using the asymmetrical
widening design for the separation microchannel, the sorting effect is enhanced. However, this method has
limited sensitivity for droplets of similar sizes. The droplets can also be separated mechanically by using
valves which are assembled in the microfluidic devices. In the design created by Abate et al. *9, the fluid
flow is manipulated by the single-layer membrane valve in the microchannel, enabling the separation of
droplets into different outlets with high speed at a frequency of hundreds of hertz. However, in order to sort
droplets effectively by this method, precise control over the flow field inside the microchannel is necessary.

The EWOD method is also utilized for sorting droplets. Cho et al. *** conducted the separation of droplets
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and their contents in the EWOD-based microfluidic chip by adjusting the interfacial energy of the droplets
and the solid surface with an array of microelectrodes, resulting in the movement of the droplets. Two
different kinds of particles were first divided by electrophoresis into two areas of a master droplet and then
split the droplet in half by EWOD actuation. Then the two daughter droplets with different contents can be
separated. Even though the EWOD technology enables one to achieve separation inside the droplets, its
throughput is very limited in comparison with the high-speed production and performance of the flow-
focused based droplet systems. In addition to the above-mentioned separation methods, dielectrophoresis
proves to be an effective strategy for continuously sorting particles and droplets by size and its content in
microfluidic systems 4041.241.355-357.360361 e to its advantages of low sample consumption, label-free
separation, and fast response. Due to the dielectric property differences of the droplets and the suspending
solution in the electrical field gradient, the DEP force is induced and drives the droplets to move. Generally,
the emulsion droplets can be manipulated in microfluidic chips by utilizing conventional DEP effects.
However, the implementation of the microelectrodes in the microfluidic chips and the fabrication processes
are difficult and expensive. Furthermore, the traditional dielectrophoretic methods cannot achieve the
sorting of emulsion droplets with both high separation resolution and throughput. In addition, there is
limited research on the dielectrophoretic behaviors of the IL-in-water emulsion droplets. It is highly
desirable to study the dielectrophoretic behaviors of the IL-in-water emulsion droplets and the manipulation
of the IL droplets under DC electric fields in the microchannel. These problems discussed above can be
overcome by the proposed DC-DEP method using asymmetric orifices 441241 By using a pair of
asymmetric orifices with large width ratio, a stronger electric field gradient and hence larger DEP force can
be produced with a strong electric field strength applied through the microchannel, resulting in a high
separation resolution. Furthermore, in this design, the production of the electric field gradient will not
change the cross-section of the microchannel and has no influence on the particle or droplet transportation.
By using the pressure-driven flow to drive the particles and droplets, the throughput can be dramatically

increased in comparison with other microfluidic DEP methods.

This chapter investigates the manipulation and sorting of oil-in-water emulsion droplets inside the
microchannel by asymmetric orifice based DC-DEP and the dielectrophoretic behaviors of the IL-in-water
emulsion droplets under DC electric field. The DC dielectrophoretic behaviors of two different kinds of
hydrophobic IL-in-water microemulsion droplets were investigated. Then, the size-dependent separation of
emulsion droplets was conducted, and the prediction of the theoretical simulation was compared with the
experimental results. In addition, selecting the suspending solution with a specific electrical conductivity,
the microemulsion droplets with similar sizes but different contents and kinds were separated based on their
opposite DEP behaviors. This work presents the size-dependent and content-dependent separation of

emulsion oil droplets under a pressure-driven flow in the asymmetric orifice based microchannel by using
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DC-DEP method for the first time, offering a strategy to manipulate the emulsion droplets and broadening

the applications of the DC-DEP method in colloid and interface science and in industry.

5.2 Materials and Methods
5.2.1 Microfluidic chip fabrication

It can be seen from Figure 5-1 that the microfluidic chip consists of a top and a bottom
polydimethylsiloxane (PDMS) layer. The chip of the top PDMS has the main microchannel with a sample
inlet channel (A) and a sheath flow inlet channel (B), two outlet channels (E and F), and two reservoirs (C
and D) to insert external electrodes. The gradient of the electric field and hence the DEP effects are induced
by a group of asymmetric orifices located on the opposite sidewalls of the microchannel. As shown in
Figure 5-1, when the mixture of the emulsion droplets comes into the horizontal main channel through the
sample inlet channel A, they are forced to flow closely to the sidewall of the small orifice by the
hydrodynamically dominant flow from the sheath fluid inlet channel B. Meanwhile, a DC electrical
potential difference is applied through the pair of the orifices by the external electrodes, where the
streamline of the electric field across the channel between the C and D is limited by the opening sizes of
the asymmetric orifices. To ensure the production of a large electric field gradient near the nano-orifice, the
asymmetric orifices have a large width ratio. Then, the droplets will experience the DEP effects when

moving through the small orifice where the strongest gradient of the electric field exists.

As inferred from Equation (2-8) the magnitude of the dielectrophoretic forces will increase with the
electric field gradient (V|E|?) and the radius cubic of the droplet (a®). Since the trajectory shifts are
proportional to the DEP forces acting on the droplets, the droplets with different radii can be separated and
flow into individual streams, shown in Figure 5-1(a) and Figure 5-1(b). In addition, since the direction of
the dielectrophoretic forces, i.e., p-DEP and n-DEP, is determined by the sign of fcu, two different kinds of
particles/droplets may have opposite DEP behaviors and hence can be separated. It can be inferred from
Equation (2-8) that, for the droplets whose electrical conductivity is smaller than that of the suspending
solution, i.e., fem, <0, they will be repelled away by the n-DEP behaviors from the electric field maximum.
While for the droplets that have a larger electrical conductivity than the medium, i.e., fom, > 0, they will be
attracted by p-DEP forces towards the electric field maximum. Then, Figure 5-1(c) and Figure 5-1(d)
illustrates the dielectrophoretic behaviors of the droplets experiencing positive and negative DEP forces,
respectively, under DC electric field. Therefore, by using the DC-DEP device as shown in Figure 5-1, not
only the separation of droplets with different sizes can be achieved, but also the separation of droplets with
similar sizes but different contents (and hence different electrical conductivity) can also be accomplished

by selecting a suspending solution with an electrical conductivity, om< om< op2.
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Figure 5-1 (a) Schematic diagram of the microfluidic DC-DEP chip with a pair of asymmetric orifices for
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droplets separation by size, (b) Illustration of the experimental system, (c) Schematic diagram of the DC-
DEP microfluidic chip for the dielectrophoretic behaviors of droplets, (d) Illustration of the working
principle for droplets separation by content (the gradient of the red color represents the strength of the

electric field).

In this chip, the width of the branch channels B, E and F, and the main channel are 80 pm, and the
width of the branch channel A is 20 um for the silicone oil droplets and 40 m for the IL emulsion droplets,
respectively. The depth of the channels in this chip is approximately 20 jum for the silicone oil droplets and
40 pm for the IL emulsion droplets, respectively. In this study, the local electric field is produced by the
platinum electrodes inserted in the reservoirs C and D where a DC electric potential is applied, and the
distance between these two external electrodes is approximately 0.6 cm. In order to induce strong electric
field gradient, a single nanochannel of 860 nm in width and 290 nm in depth is utilized as the nano-orifice.
The length of the nano-orifice is always 15 pm and the large orifice has a width of 125 pm for all chips. As
the distance between the two external electrodes is relatively small (essentially over the width of the

microchannel), a low electrical potential difference applied through the orifices across the microchannel is
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enough to generate a strong electric field gradient. In such a chip, by transporting the droplets under the
pressure-driven flow and by inducing the non-uniform electric field with a pair of asymmetric orifices
which is perpendicular to the main channel, no constriction shows in the main microchannel and these
droplets are exposed to this electric field gradient only near the region of the nano-orifice. Therefore, the
adverse effects associated with traditional DC-DEP techniques such as Joule heating, droplets aggregation,

and transport difficulties are significantly reduced.
5.2.2 Preparation of ionic liquid/oil-in-water microemulsions

To make the ionic liquid(IL)-in-water microemulsions, one of two different kinds of hydrophobic ionic
liquids, i.e., 1-Butyl-3-methylimidazolium hexafluorophosphate (BMIM-PF6) or 1-Hexyl-3-
methylimidazolium hexafluorophosphate (HMIM-PF6) (loLiTec Inc) was mixed with DI water by adding
the nonionic surfactant Tween 20 (Sigma Aldrich) as the stabilizing agent, as illustrated in Figure 5-2. In
order to demonstrate the different dielectrophoretic behaviors and visually differentiate different trajectories
of these two different kinds of ILs, Nile Red (Sigma-Aldrich Chemical Co) was added into the BMIM-PF6
as the fluorescent dye. In this way, the BMIM-PF6 droplets become fluorescent droplets and the HMIM-
PF6 droplets are non-fluorescent droplets. For the preparation of oil-in-water emulsions, silicone oil
(XIAMETER PMS-200) or the silicone oil-based Carbon and Silver Conductive Grease (MG Chemicals)
was used instead of the ILs. After introducing 5 mL DI water, 1 mL IL or silicone oil with 100 i Tween
20 surfactant solution or 0.05 g conductive grease with 50 i surfactant solution into a glass bottle (15 mL
in volume), the emulsion droplets were generated by stirring the mixture with a vortex mixer (VWR

Scientific) at the speed of 3200 rpm for 2 min.

In this study, two pairs of silicone oil droplets, i.e., 9 pm and 14.5 pm, and 7.5 pm and 11 pm, and
three pairs of oil mixture droplets, i.e., droplets of silicone oil and carbon grease with a diameter of
approximately 7.5 pm, droplets of silicone oil and carbon-plus-silver grease with a diameter of
approximately 7 pam, as well as droplets of carbon grease and carbon-plus-silver grease with a diameter of
approximately 7.5 pm were fabricated. A solution of 0.4 mM K2HPO4 with a pH of 7 and an electrical
conductivity of 0.01 S/m was employed to separate the 7.5 pm droplets of carbon grease and carbon-plus-
silver grease. Deionized water with a pH 7 and an electrical conductivity of 5.5 x 10—6 S/m S/m was used
for the rest of the groups for separation. To investigate the DC-DEP behavior of the IL-in-water emulsion
droplets, two different kinds of ionic liquid droplets, i.e., BMIM-PF6 droplets and HMIM-PF6 droplets,
were fabricated. Deionized water with an electrical conductivity of 5.5 x 10—6 S/m, a solution of 4.8 mM
K2HPO4 with an electric conductivity of 0.12 S/m, as well as a solution of 6.4 mM K2HPO4 with an
electric conductivity of 0.16 S/m were employed as the suspending medium, respectively, and they all have

a pH value of 7.

79



Tween-20

/\ PFO
\/\/N\&gl)\

Ionic liquid
pBMIM,

Figure 5-2 Schematic representation of the IL/oil-in-water microemulsions.
5.2.3 Experimental system setup

To start the experiments, the surrounding media was first injected into the microchannel through
reservoirs A and B. Then, the microemulsion droplets were introduced into the sample inlet reservoir A and
additional suspending medium was introduced into the sheath fluid reservoir B. Since the sample inlet of
the channel has a limited width and depth, only the silicone oil droplets smaller than 10 pm and the IL
droplets smaller than 20 pm in radius can flow into the main channel, respectively. In this work, the
microemulsion droplets were driven by the pressure difference, i.e., a difference of the liquid heights
between the inlets and the outlets' reservoirs, and flow from the inlet wells to the outlet wells. As pushed
by the sheath liquid flow from the inlet channel B, the droplets mixture was forced to flow close to the
channel wall on the side of the nano-orifice (see Figure 5-1). The electric potentials were then employed
from the DC power supplier (HVS448 High Voltage Sequencer, LabSmith) and a custom-made voltage
adjuster to the platinum electrodes inserted in the reservoirs C and D. The electric field gradient and hence
the DEP forces were induced. In this way, the droplets experienced the DEP effects in the vicinity of the
nano-orifice and their trajectories were shifted correspondingly. The movements of the emulsion droplets
were visualized by inverted optical microscope (Nikon, TE-2000) and the images were recorded by a charge
coupled device CCD camera (QImaging) and stored in the computer at 25 frames per second. In this study,
since the K;HPOQ, solution is a relatively weak electrolyte 362362 and the platinum electrodes are inert and
noncorrodible, the electrochemical effects are negligible and no bubbles were observed during the

experiments. All experiments were conducted at the room temperature of 25 + 1 °C.
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5.3 Results and discussion
5.3.1 Simulation of the oil droplet trajectory

As shown in Figure 5-3, an example of the trajectories of the 7.5 pm and 11 pm silicone oil droplets
is demonstrated which is calculated by using COMSOL 4.3b. In this design, the non-uniformity of the
electric field is produced by applying the DC electric potential through the nano and micron orifices by the
external electrodes. The greatest non-uniformity of the electric field is produced near the nano-orifice. As
shown in Figure 5-3, the oil droplets are loaded into the horizontal channel and forced by the dominant
sheath flow from branch channel B to move close to the upper sidewall and pass over the nano-orifice
where the greatest electric field gradient exists. It can be inferred from Figure 5-3, the oil droplets are driven
into individual trajectories after experiencing the dielectrophoretic effects. Since the locally applied electric
potential is low and the nano-orifice has a width of 860 nm, the liquid flow from reservoir C to the main
channel can be neglected. As the magnitude of the DEP force is dependent on the radius cubic of the droplet,
the larger 11 m oil droplets experience stronger n-DEP force, leading to a sufficiently large trajectory shift,
and are pushed away into the outlet channel F. While, the DEP effects on the smaller 7.5 pm oil droplets
are relatively weaker and they flow into outlet channel E. If the mixed emulsion droplets have similar sizes
but different contents, the droplets with stronger polarizability than that of the suspending solution will be
attracted by the p-DEP effects towards the nano-orifice and flow into the outlet channel E. While the
droplets, whose polarizability is weaker compared with that of the medium, will undergo n-DEP and be
pushed towards the large orifice where there is a weak electric field, and then move into the outlet reservoir
F. Therefore, the size-dependent separation of the oil droplets and the separation of the oil droplets by its

content can be achieved by using the nano-orifice based DC-DEP device.
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Figure 5-3 An example of the separation of the 7.5 pm and 11 pm silicone oil droplets in the channel. The
width and length of the small orifice is 860 nm and 15 pum, respectively, and the width of the large orifice
is 125 pm. The voltage applied is 320 V in electrode C and zero in electrode D.

5.3.2 DC-DEP behaviors of the droplets

Table 5-1 shows the electrical conductivities of three different kinds of silicone oil droplets and two
different kinds of ionic liquid droplets. The f\ values of the above-mentioned droplets are plotted as a
function of the electric conductivity of the suspending solution, a,,,, and are shown in Figure 5-4. In this
study, the deionized water with an electrical conductivity of 5.5><107® S/m, a solution of 0.4 mM K;HPQ4
with a pH of 7 and an electrical conductivity of 0.01 S/m, a solution of 4.8 mM K;HPO, with an electric
conductivity of 0.12 S/m, as well as a solution of 6.4 mM K;HPO, with an electric conductivity of 0.16

S/m were employed as the suspending media, and they all have a pH value of 7.

Table 5-1 Electric conductivity of five different kinds of droplets and the corresponding CM factor (fcm) for

the droplets in the suspending solutions with three different electric conductivities.

fCM with Om = fCM with Om =
Property Conductivity (S/m)
5.5 X 10°° S/m 1 X 102S/m
Droplet of Silicon oil
_ 104 ~-0.5
(Transparent in color)
Droplet of Carbon grease 0.9 =1 ~1
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(Black in color. Silicon oil based,

conductive filler: carbon. )

Droplet of Carbon-plus-Silver grease

(Silver in color. Silicon oil based, 0.9x10°3 ~1 ~-0.43
conductive filler: carbon-plus-silver)
with g,,, = with g,,, =
Property Conductivity (S/m) Jom " Jom "
0.12 S/m 0.16 S/m
Droplets of BMIM-PFg 0.137 ~-0.125 ~-0.2
Droplets of HMIM-PF¢ 0.08 ~0.045 ~-0.05
T T T
S
Silicone oil
0.8 T e "HMIM PF6
BMIM-PF6

0.6 1

0.4

02}  pDEP ]

fCM 1 s S G

02 n-DEP

0.4

_0_5- il . T——— . TR TS RS | TR

107 10 10° 107 107! 10°
o [S/m]

Figure 5-4 Prediction of the fcum for the silicone oil droplets, HMIM-PF¢ droplets, and BMIM-PFs droplets,

as a function of the electric conductivity of the suspending solution .
5.3.2.1 P-DEP effect

As shown in Equation (2-8), the direction of the dielectrophoretic effects, i.e., p-DEP or n-DEP is
determined by the sign of f-. By using the suspending solution with a specific electrical conductivity, the
dielectrophoretic behaviors of the IL-in-water emulsion droplets under DC electric field are shown in Figure

5-5. As seen in Figure 5-5(a) and Figure 5-5(b), when the solution of the deionized water with a pH 7 and

83



an electrical conductivity of 5.5x10° S/m was utilized as the suspending medium, the electrical
conductivity of the surrounding media is lower than that of the HMIM-PFs droplets and BMIM-PFg droplets,
i.e., fcu =1 (shown in Table 5-1); both types of these droplets will exhibit positive dielectrophoretic
behaviors and are attracted by the positive DC-DEP effects and move into the channel E under the condition
of =150 V and ¢,=0 V.

5.3.2.2 N-DEP effect

When the droplets, electrical conductivity is lower than the solution, i.e., fz) < 0, these droplets will
experience negative DEP behaviors and move away from the electric field maximum. Therefore, it can be
seen from Figure 5-5(c) and Figure 5-5(d) that, when the solution of 6.4 mM K;HPO, with an electric
conductivity of 0.16 S/m was employed as the suspending medium, and the HMIM-PFs droplets
(conductivity of 0.08 S/m, f-y =-0.2) and BMIM-PFs droplets (conductivity of 0.137 S/m, fqy ~-0.05)
were pushed away from the region of the high electric field by experiencing the n-DEP behaviors and move
into channel F.

5.3.2.3 P-DEP and n-DEP

Furthermore, as inferred from Equation (2-8), when the suspending medium is selected to have a
specific electrical conductivity to satisfy the condition of 6,1 < g,,, < 7,2, the two different kinds of
droplets will display opposite dielectrophoretic behaviors, i.e., one experiencing p-DEP and the other n-
DEP effects, respectively. It can be seen from Figure 5-5 that, when using the solution of 4.8 mM K;HPQO4
with an electric conductivity of 0.12 S/m as the surrounding solution, the BMIM-PF¢ droplets (conductivity
0f 0.137 SIm, f-y =0.045) were attracted by the p-DEP forces and move into the channel E (Figure 5-5(g)),
while the HMIM-PFs droplets (conductivity of 0.08 S/m, f.;, =-0.125) experienced the n-DEP effects and
were repelled away towards the channel F (Figure 5-5(f)), where ¢»,=650 V and ¢,=0 V. In this way, it
enables the continuous manipulation and separation of different kinds of ionic liquid droplets of similar

size based on these opposite DEP behaviors in the asymmetric orifice based DC-DEP chip.
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Figure 5-5 Positive DEP behaviors of the (a) BMIM-PF¢ droplets and (b) HMIM-PFg droplets, under the
condition: ¢~.=150V, ¢,=0V, and the electrical conductivity of the surrounding media is lower than that
of the HMIM-PF¢ droplets and BMIM-PF¢ droplets. The negative DEP behaviors of the (c) BMIM-PFs
droplets and (d) HMIM-PF¢ droplets, under the condition: ¢¢=300 V, ¢po=0 V, and the electrical
conductivity of the surrounding media is higher than that of the HMIM-PFs droplets and BMIM-PFs
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droplets. The trajectories of the (e) BMIM-PFs droplets by p-DEP forces and (f) HMIM-PFs droplets under
n-DEP effects, where ¢c=650 V and ¢pp=0V, and gumiv-pre< 0m< gemiv-prs. The nano-orifice has a size of

860 nm in width and 15 pm in length, and the large orifice is 125 pm in width.
5.3.3 Separation of emulsion droplets by size

In this DC-DEP chip, the DC-DEP separation of the HMIM-PF¢ droplets with a diameter of 11.5 pm
or 19.5 pm was conducted by applying 650 V to the electrode C and 0 V to the electrode D. 4.8 mM K;HPO,
with an electric conductivity of 0.12 S/m was utilized as the suspending medium, and then the droplets will
undergo the n-DEP. The trajectories of the droplets as shown in Figure 5-6 and Figure 5-7 are achieved by
superimposing the sequential images of the motion of the droplets under the given condition. For the
separation of 7.5 pm and 11 pm silicone oil droplets, and 9 pm and 14.5 m silicone oil droplets, the DC-
DEP effects were induced by applying an electric potential to electrode C of 320 V and 240 V, respectively,
and the electrode D is grounded. The DI water with a pH value of 7 and an electric conductivity of 5.5x107°
S/m was utilized as the suspending medium, and hence the silicone oil droplets will experience the n-DEP
forces. In the experiments, the nano-orifice has a width of 860 nm and a length of 15 pm, and the large
orifice has a width of 125 pm in all chips.

Figure 5-6 Separation of HMIM-PFs droplets with average diameters of 11.5 pm and 19.5 pm, under
¢c=650 V and ¢p=0 V. ¢pc and ¢p indicate the voltages applied to the reservoirs C and D. In this chip,

the nano-orifice has a size of 860 nm in width and 15 pm in length, and the large orifice is 125 pm in width.
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Figure 5-7 Separation of the silicone oil droplets by size. (a) Separation of 9 pm and 14.5 um diameter
silicone oil droplets ¢pc=240V, ¢p=0V. (b) separation of 7.5 pm and 11 pm diameter silicone oil droplets,
¢c=320 V, ¢ppo=0 V. ¢pc and ¢p indicate the voltages applied to the reservoirs C and D. In this chip, the
width and length of the small orifice is 860 nm and 15pm, respectively, and the width of the large orifice is

125 pm.

As discussed in Equation (2-8), the dielectrophoretic forces and hence the lateral shifts of the oil
droplets are dependent upon the electric field gradient and the diameter of droplets. Thus, as shown in
Figure 5-1(a), the oil droplets of different radii are sorted into the individual trajectory and separated when
moving closely to the small orifice in the main channel. An example of the size-dependent separation of
the emulsion droplets is illustrated in Figure 5-7. The mixture of oil droplets flows into channel A and they
are pushed by the sheath fluid from branch channel B to move along the upper channel wall. When the
silicone oil droplets move through the region of the electric field gradient, the n-DEP forces take effects,
leading to the lateral shifts of their trajectories, and they are thus moved into different streams. By
controlling the custom-made voltage adjuster, the smaller and larger oil droplets flow into the outlet channel

E and outlet channel F, respectively. Under ¢~-=240 V, the larger oil droplets with d=14.5 pm experience
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stronger DEP forces and flow into the outlet F, while the oil droplets with a smaller diameter of d=9 m
experience weaker DEP effects and flow into the outlet E (Figure 5-7(a)). Furthermore, based on Equation
(2-8), as the magnitude of the DEP force will increase with the droplet size, a higher electric voltage should
be applied for the separation of oil droplets with smaller diameters such as 7.5 pm and 11 pm. Figure 5-7(b)
shows that the mixture of the oil droplets with two different sizes, 7.5 pm and 11 pm, were successfully
separated under ¢-=320 V. The experimental result (Figure 5-7(b)) shows good agreement with the
simulation trajectories of the 9 pm and 14.5 pm diameter silicone oil droplets (Figure 5-3). It should be
noted that this nano-orifice based DC-DEP separation system can be employed for continuously sorting
smaller oil droplets of 7.5 pm and 11 pm with a high separation resolution of 3.5 um (difference in diameter)
as illustrated in Figure 5-7(b). In addition, by controlling the applied voltages to electrodes C, the separation
of oil droplets of different sizes can be achieved. Thus, the applied voltages can be optimized for the specific

size of the targeted droplets by theoretical predictions and experimental calibrations.
5.3.4 Separation of emulsion droplets by content

In order to examine the sensitivity of this nano-orifice based DC-DEP separation system, the
separation of the oil droplets of similar sizes but different contents, i.e., the droplets of silicone oil and
carbon grease with a diameter of 7.5 um, the droplets of silicone oil and carbon-plus-silver grease with a
diameter of 7 um, as well as the droplets of carbon grease and carbon-plus-silver grease with a diameter of
7.5 um were conducted under ¢»=320 V, ¢.=360 V, and ¢~=360 V, respectively, and the BMIM-PFs
droplets and HMIM-PF¢ droplets with a diameter of approximately 21 um, and the droplets of silicone oil
and BMIM-PF¢ droplets with a diameter of approximately 22 um were conducted under the condition of
¢c =650V and ¢pp = 0 V. Examples are shown in Figure 5-9, Figure 5-10 and Figure 5-11. As shown in
Figure 5-8, the f,;, values of the silicone oil droplets with three different contents are plotted varying with
the conductivity of the surrounding solution, a,,. In order to make sure that the oil droplets with different
contents experience p-DEP and n-DEP forces, respectively, suspending solutions with two different
electrical conductivities were used. Deionized water with an electrical conductivity of 5.5<10°® S/m was
utilized for the separation of the droplets of silicone oil and BMIM-PF¢ droplets, a solution of 4.8 mM
K2HPO,4 with an electric conductivity of 0.12 S/m was employed for the sorting of the BMIM-PFs droplets
and HMIM-PF¢ droplets, a solution of 0.4 mM K;HPO, with an electric conductivity of 11072 S/m was
used for the sorting of the droplets of carbon grease and carbon-plus-silver grease, and the deionized water

with an electric conductivity of 5.5x10°® S/m for the rest of the groups of silicone oil droplets separation.
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Figure 5-8 Clausius-Mossotti factor fom for the silicone oil droplets with three different contents as a

function of the electric conductivity of the suspending solution on.

In Figure 5-9, as the electrical conductivity of the droplets of carbon grease is higher than that of the
surrounding solution, i.e., fy =1 (Table 5-1), these droplets were attracted by the p-DEP forces towards
the electric field maximum area and flowed into the outlet branch E. On the contrary, the droplets of silicone
oil have an electrical conductivity smaller than that of the medium, i.e., f,; =-0.5 (Table 5-1), the droplets
experienced n-DEP effects and were repelled from electric field maximum region and flowed into the outlet
branch F. It clearly shows the mixtures of the droplets of carbon-plus-silver grease (f¢; =1) and silicon oil
(fcm =-0.5) with a diameter of 7 pm in Figure 5-9(b), and the droplets of carbon grease (f¢-y =1) and
carbon-plus-silver grease (f¢ =-0.43) with a diameter of 7.5 pm and in Figure 5-9(c) were successfully

separated by experiencing p-DEP and n-DEP forces, respectively.
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Figure 5-9 Separation of silicone oil droplets of similar sizes by content. (a) Separation of the silicon oil
droplets and carbon grease droplets with a diameter of 7.5 m, ¢c =320 V, ¢po=0 V. (b) Separation of
silicon oil droplets and carbon-plus-silver grease droplets with a diameter of 7 pm, ¢c =360 V, ¢pp=0 V.
(c) Separation of carbon grease droplets and carbon-plus-silver grease droplets with a diameter of 7.5 pm,
¢c =360V, ¢pp=0 V. The width and length of the small orifice is 860 nm and 15 pm, respectively, and the
width of the large orifice is 125 pm. The small dots are the impurities of grease.

Figure 5-10 shows the separation of two kinds of IL-in-water microemulsion droplets, i.e., BMIM-PFs
and HMIM-PF¢ droplets, based on their opposite DEP behaviors, by choosing the suspending solution with
a specific electrical conductivity. In order to demonstrate the different trajectories of the two different types
of droplets, the BMIM-PFs droplets are fluorescent droplets. Since the BMIM-PFs droplets have a higher
electrical conductivity than that of the suspending solution, fqy = 0.045 (Table 5-1), the droplets
experienced p-DEP forces and were attracted towards the nano-orifice area, flowing into the outlet channel
E. This is clearly demonstrated by the trajectories of the BMIM-PFs droplets in the fluorescent image,
Figure 5-10(b). While the electrical conductivity of the HMIM-PFs droplets is smaller than that of the
suspending medium, correspondingly, fqy =-0.125 (Table 5-1), these droplets were pushed away from the

electric field maximum by undergoing the negative dielectrophoretic forces and moved into the outlet
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channel F. Moreover, the separation of silicone oil droplets and BMIM-PF¢ droplets was conducted. Figure
5-11(a) and Figure 5-11(b) clearly show the different trajectory shifts of the fluorescent BMIM-PFs droplets
and the non-fluorescent droplets of the silicone oil. The mixed emulsion droplets of the BMIM-PFs droplets
(fcm =1) and silicone oil droplets (f-y =-0.5) were continuously sorted and flowed into branch E and
branch F by positive and negative dielectrophoretic effects, respectively. To verify that the silicone oil
droplets moved into outlet channel F, the experiments were repeated by using only the silicone oil droplets
under the same condition. The trajectories of the silicone oil droplets under the same condition are shown
in Figure 5-11(c). It clearly shows that the silicone oil droplets were pushed by the n-DEP forces into the
outlet branch F, and the silicone oil droplets had similar trajectories as in the case of the mixed droplets as
shown in Figure 5-11(a). This indicates that the continuous microemulsion droplets sorting by size and the
manipulation of different types of emulsion droplets with similar sizes but different contents based on these
opposite DEP behaviors can be achieved in the newly developed asymmetric orifice based DC-DEP chip.
Furthermore, it should be noticed that the separation of the oil droplets of similar sizes with other different
contents can be achieved by simply controlling the applied voltages and selecting the suspending solution
with a specific electrical conductivity. The relationships among the voltages, electrical conductivity, and

the content of the oil droplets can be easily obtained through numerical simulation and experiments.
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Figure 5-10 (a) Separation of BMIM-PFs and HMIM-PFs droplets with similar size 21 pm (average). (b)
Fluorescent photograph shows the trajectories of the fluorescent BMIM-PF¢ droplets experiencing p-DEP.
The employed voltages are ¢c=650 V and ¢p=0 V. The nano-orifice has a size of 860 nm in width and 15
pm in length, and the large orifice is 125 pm in width.
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Figure 5-11 (a) Separation of silicone oil droplets and BMIM-PFs droplets with a similar size 22 pm
(average). (b) Fluorescent photograph shows the trajectories of the fluorescent BMIM-PFs droplets
undergoing p-DEP. (c) Trajectories of silicone oil droplets experiencing n-DEP. The employed voltages
are ¢c=650 V and ¢p=0 V. The nano-orifice has a size of 860 nm in width and 15 pm in length, and the
large orifice is 125 pm in width.

5.4 Conclusion

This chapter presents the dielectrophoretic manipulation and sorting of the ionic liquid/oil-in-water
microemulsion droplets under DC electric field. The DC-DEP chip employs a pair of the asymmetric
orifices located on opposite sidewalls in the channel to generate the strong gradient of the non-uniform
electric field and hence sufficiently large DEP forces. By using pressure-driven flow and a stream of sheath
flow, the mixed emulsion droplets move closely to the vicinity of the nano-orifice and experience the
stronger DEP effects. Because the magnitude of DEP forces exerting on the droplets is determined by the

size of the droplet, the separation of the HMIM- PF¢ droplets with two different diameters of 11.5 pm and
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19.5 m and separation of smaller silicone oil droplets with a small size difference of only 3.5 pm were
demonstrated. When the electrical conductivity of the surrounding media is lower than that of the HMIM-
PFe droplets and BMIM-PFs droplets, both IL droplets undergo positive DEP. When the electrical
conductivity of the surrounding media is higher than that of the HMIM-PFs droplets and BMIM-PFs
droplets, both IL droplets experience negative DEP. When the electrical conductivity of the suspending
medium is lower than that of BMIM-PFs droplets but higher than that of HMIM-PFs droplets, the BMIM-
PFs droplets will undergo positive DEP while the HMIM-PF¢ droplets undergo negative DEP. Based on
this, the continuous separation of different types of ionic liquid droplets with similar sizes was achieved by
choosing the suspending medium with an appropriate electrical conductivity. Therefore, by simply
adjusting the applied voltage and the electrical conductivity of the surrounding solution, the separation of
target oil droplets with specific size and content can be achieved, presenting a simple and effective method
using DC-DEP to manipulate and sort the microemulsion droplets by size and by content for wide
applications in industry and research.
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CHAPTER 6 Tunable Characterization and Identification of
Droplets and Biological Cells by AC-DEP 8

6.1 Introduction

Integrated biological analysis devices are used in numerous areas of environmental assessment %4,
food hygiene and water quality 653, point-of-care diagnostics %7, and biomedical and chemical research
320,321,323.368 |n these applications, the separation of particles and cells is crucial. Various methods, such as
filtration *%°, flow cytometry %° are exploited for cell manipulation and separation. Inspired by
microelectromechanical technologies, microfluidic platforms are widely utilized for miniaturizing and
automating the separation and characterization systems because of the advantages of portability, simplicity,
low cost, and quick response. Within a variety of approaches utilized in microfluidic chips,
dielectrophoresis is one of the most effective techniques and provides the label-free, controllable, and
accurate manipulation of targeted biological samples by inducing negative and positive effects on the
samples 242371, Furthermore, since the magnitude and the direction of the dielectrophoretic forces rely on
the dielectric property 41241372374 ‘which represents the corresponding structure, morphology, and chemical
feature 3° of the sample, the dielectrophoresis (DEP) enables the analysis of the bioparticles selectively

and sensitively 76

DEP means the induced movement of a polarizable particle in the non-uniform electric fields. For the
particles whose polarizabilities are higher than that of the suspending solution, they experience the positive
DEP (p-DEP) force and move toward the area of the strongest electric fields. Otherwise, the particles
undergoing negative DEP (n-DEP) are pushed away and move toward the weak electric field region if they
have lower polarizability than that of the surrounding medium. Both the p-DEP and n-DEP effects have
been widely employed for the manipulation and sorting of the particles and biological cells. Generally,
different kinds of droplets and biological cells have different but unique dielectric signatures. Such a distinct
dielectric characteristic is widely used to sort and characterize the targets by means of AC-DEP. To induce
the inhomogeneous electric field, that is, the DEP effects, the microelectrodes of various structures and
dimensions, as well as the ionic liquid electrodes # and the liquid metal electrodes “¢4° with different

configurations and shapes in the desired pattern, are usually integrated into the microfluidic systems . In

§ A similar version of this chapter was submitted or published as:

(a) Zhao, K.; Li, D. Tunable droplet manipulation and characterization by AC-DEP. ACS applied materials &
interfaces 2018, 10(42), 36572-36581. https://pubs.acs.org/doi/abs/10.1021/acsami.8b14430.

(b) Zhao, K.; Li, D. Continuous Cell Characterization and Separation by Microfluidic AC Dielectrophoresis. Analytical
chemistry 2019, 91(9), 6304-6314. https://pubs.acs.org/doi/abs/10.1021/acs.analchem.9b01104.
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the microdevices with interdigitated microelectrodes, Li et al. 3" investigated the separation of live Listeria
innocua cells and heat-treated dead cells by p-DEP and n-DEP, respectively. Kim et al. 3’® demonstrated
the multi-target cells sorting with high purity using a microfluidic device that has a couple of electrodes
placed at two different glancing angles to the flow direction. In comparison with the two-dimensional
micro-electrode structures, which suffer from the adhesion of the particles on the microelectrodes or
channel walls and a confined DEP effective area over the electrode surface 2%2, hence a low efficiency, the
three-dimensional electrode-based micro-systems offer an increased DEP effective region, leading to an
efficiency increase of the microfluidic devices and avoiding the particle adhesion. Because of the adjustable
widths of the microelectrodes, the electric field strength changes through the transverse direction of the
microchannel, which results in an increased separation sensitivity and achieves the separation of red blood
cells and mouse P19 cells. Furthermore, by manufacturing arrays of microelectrodes with a defined
geometry by silicone, the required gradient of the electric fields for DEP effects and the gradient of the
liquid velocity were generated, which lead to the successful separation of living and dead yeast cells 42,
The manipulation and sorting of microbeads and cells 37°3% were demonstrated by patterning pairs of
vertical interdigitated microelectrodes on the microchannel sidewalls to generate non-uniformity of the
electric fields in a microfluidic device. As the height of the microchannels can be adjusted without reducing
the strength of the electric fields, this dual-frequency DEP device achieves high sorting throughput.
Generally, the embedded electrode-based DEP systems suffer from the complicated fabrication of the
microelectrodes, electrolytic reactions at the electrodes, as well as bubble generation. The insulating
structure-based DEP platforms eliminate these problems by placing the electrode outside of the working
fluidic channel. For such an approach, the gradient of the non-uniform electric field is produced by
employing insulating structures between the electrodes in the microchannels. By fabricating arrays of
insulating posts within a microchannel, the concentration and separation of particles and cells become
achievable “°*, By using the insulating circular cylinders in the microchannel to generate DEP effects, the
concentration and sorting of live and dead bacteria 3%, the selective isolation of viable and nonviable human
leukemia cells 382, and the manipulation of pET28b plasmids ** were demonstrated. However, all these
current AC-DEP methods involve issues of complicated fabrication of microelectrodes in microchannels
with patterned structures and electrochemical reactions on the surface of electrodes. Furthermore, because
of the challenge of producing a high gradient of the non-uniform electric field, these methods always

involve high electrical potentials, which require the expensive amplifier instruments 5285,

In the AC-DEP methods, by modifying the frequency of the applied ac electric fields, various soft
droplets or biological cells will show different DEP behaviors. The key parameter of the transition between
p-DEP and n-DEP effects is named as the crossover frequency, where the DEP forces are zero. This

important AC-DEP characteristic is reflected by the Clausius—Mossotti (CM) curve for each kind of targets.
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As the crossover frequency depends on the electrical properties of the particles and surrounding solution,
this unique information can be utilized to optimize the characterization and separation schemes %55,
Nevertheless, very little information can be found in the literature about experimentally determined CM
factor curves and the critical frequency for the cells, and it is difficult to calculate the CM factor of particles,
cells, or biomolecules and to find the corresponding crossover frequency, owing to the heterogeneous

structures in the biological cells, complex compositions, and charging distributions 72,

This chapter presents a newly designed AC-DEP microfluidic chip for tunable manipulation and
characterization of droplets/particles and cells *¥¢2¢7, The microfluidic chip employs a pair of asymmetric
orifices on opposite sidewalls of the main channel with inserted electrodes to generate a non-uniform
electric field by using the ac electric field. By utilizing pressure-driven flow, the droplets and cells
experience DEP behaviors only when passing through the vicinity of the small orifice, where the strongest
gradient of the non-uniform electric field exists. The AC-DEP behaviors of polystyrene particles and oil/IL-
in-water droplets and the effects of the medium electric conductivity on the CM factors of the viable and
nonviable yeast cells are investigated. For the first time, the lateral migrations of the polystyrene particles,
BMIM-PF¢ droplets, and yeast cells as a function of the AC frequency are measured. The trends of the
lateral migrations of the cells are similar to the corresponding curves of CM factors. By adjusting the
medium conductivity, the desired DEP response of the bioparticles for the various applications can be
achieved. Measuring the lateral migration of cells throughout the frequency spectrum provides a strategy
to evaluate the crossover frequency of the biological particles and characterize the cells. By simply
controlling the frequency of the AC electric field, the sorting of the live and dead yeast cells with similar
size but different dielectric properties and the separation of different types of emulsions droplets in the same
diameter are demonstrated. The developed microfluidic chip provides a powerful tool to recognize the

crossover frequency of the biological particles and characterize the cells.

6.2 Materials and methods
6.2.1 Dielectrophoresis of droplets and yeast cells

Dielectrophoresis describes the motion of polarizable particles in a non-uniform electric field, E. The

DEP force creates such a movement and is defined as 6:¢°
Fpep = 2me, 3 Re(fom) (VIE[?) (6-1)

in which r represents the radius of the particle, ¢, is the dielectric constant of the medium, V|E|? is the
electrical field gradient squared and Re represents the real part of the complex function known as the

Clausius-Mossotti (CM) factor, fom. The CM factor, fcop, describes the relative polarization of a particle
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with respect to the surrounding medium, and is a geometry- and frequency-dependent function. For yeast

cells, the CM factor using the double-shell structures model 6228388 s given by:

for = Ecell — Em (6-2)
CM = x5+
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where the subscript cell denotes the yeast cell, and £* represents the complex permittivity of the particles

and the solution which is expressed as:

£ =¢— (jo/w) (6-4)

where ¢ expresses the permittivity of the targets or the surrounding medium and o indicates the

corresponding electrical conductivity, and j = v—1; w = 2xf is the angular frequency of the electric field,

and f is the ordinary frequency (in Hz).

For a single cell in suspension, there are two intrinsic relaxation frequencies for the system 38939,
Under low frequency, the first relaxation, i.e., the first crossover frequency, occurs due to the Maxwell-
Wagner polarization of the cell membrane-surrounding solution interface and the cells experience negative
DEP forces. In this condition, the fc\ is solely dependent on the electrical conductivity of the cell and the
suspending media. After the first critical frequency, the cell membrane capacitance is short-circuited due
to the polarization between the cell interior and the suspension, where the second relaxation happens at a
higher frequency and leads to the positive DEP effects. Beyond the second critical frequency, the relatively
smaller dielectric permittivity of the cell interior than the suspending medium result in the negative DEP

behaviors again.

It can be seen from Equation (6-1) that the DEP force increases with the volume of the yeast cells (r3)
and the gradient of the electric fields squared (V|E|?), while the sign of fr, ranging from —0.5 to 1,
determines the direction of the cells’ DEP motion. A positive value of the CM factor means that the particle
will move towards the stronger electric field, this is referred to as positive dielectrophoresis (p-DEP). A
negative value of the CM factor means that the particle will move towards the weaker electric field, this is

referred to as the negative dielectrophoresis (n-DEP). As illustrated by Equation (6-2), the CM factor
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embodies the influential parameters of the dielectric characteristics of the cells and the surrounding solution
in terms of their conductivity and permittivity. In addition, the fqy for the yeast cells is also a function of
its interior multi-layer structures, as well as the applied frequency. By adjusting the frequency of the AC
electric field, the value of f,;, can be switched from negative to positive and vice versa. The changeover
between the positive and negative dielectrophoretic behaviors is characterized by the crossover frequency
which corresponds to f, = 0. Such a critical or crossover frequency reflects the intrinsic properties for
various biological particles under AC-DEP, leading to the characterization of different kinds of cells as well

as the manipulation and separation of the target cells.
6.2.2 Fabrication of the microfluidic chip

The design of a microfluidic chip to measure the AC-DEP lateral migration of droplets and yeast cells
is shown in Figure 6-1(a) and Figure 6-1(b). In the chip, there is a microchannel, as shown in Figure 1(A),
which is composed of three inlet branches and the main channel connecting to four different reservoirs. The
main channel is 200 pm in width and has a length of 500 pm. The sheath flow inlets B and C, and the
sample inlet A are 100 pm and 200 pm in width, respectively. All channels have a uniform height of 27
pm. Because of the height restriction of the sample inlet channel, only the droplets smaller than 27 pm in
diameter are allowed to enter into the sample inlet branch and move through the microchannel. The
dimensions of the patterned copper electrode pads re 25 pm in thickness and 500 pm in width, shown in
the Appendix D. Two asymmetric orifices, a 10 pm wide small orifice and a 500 pm wide large orifice are
situated in the horizontal main channel, as shown in Figure 6-1(b). The droplets/particles and yeast cell
samples are loaded in the inlet A and introduced into the main channel by pressure-driven flow (i.e., the
differences between the liquid heights in the inlet and outlet reservoirs). Focusing by the sheath liquid
flowing from inlets B and C, the droplets and yeast cells move along the center streamline of the main
channel and enter the DEP affecting regions between the two orifices where the corresponding lateral

migrations are measured.

To achieve the AC-DEP manipulation and isolation of the droplets/particles, as well as the live and
dead yeast cells, a different microfluidic chip was designed, as shown in Figure 6-1(c-f). This microfluidic
chip includes four branches which are connected to four different wells. Reservoirs A and B are used to
load the mixture of the droplets/particles or the yeast cells and the sheath liquid, respectively. After moving
through the vicinity of the asymmetric orifices, these isolated droplets/particles or yeast cells are isolated
by experiencing the p-DEP and n-DEP effects and collected in the wells C and D, respectively. For the
main channel, it is 200 pm in width and the height of the entire channel is 27 pm. The width of the sample
channel and the width of the sheath flow channel are 100 pm and 200 um, respectively, while the outlet
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branch connecting reservoir C and the outlet channel D has a width of 100 m and 200 pm, respectively.

The microfluidic chip was bonded on a glass substrate by using the soft lithography method.
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Figure 6-1 (a) Schematic illustration of the microchannel for the measurement of the lateral migration of
the yeast cells (red color indicates the electric field strength). (b) Top view illustrates the working principle
for measuring the lateral migration of the cells. (c) Schematic diagram of the microchannel for droplet/cell
separation. (d) Top diagram of the working principle for continuously separating the samples. (e)
Schematic diagram of the microfluidic device with embedded electrodes by AC-DEP. (f) Microscopic image
of the AC-DEP microchannel and a zoom-in photograph of the asymmetric orifice area.
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6.2.3 Sample preparation and experimental procedure

Polystyrene (PS) microparticles of two different diameters, 5 jum and 10 pm (Bangs Laboratory), the
mixture of the 1-Butyl-3-methylimidazolium hexafluorophosphate (BMIM-PFs) droplets and 1-Hexyl-3-
methylimidazolium hexafluorophosphate (HMIM-PFg) (loLiTec Inc) droplets, as well as the mixture of the
BMIM-PF¢ droplets and silicone oil (XIAMETER PMS-200) droplets are used to examine their DEP
behaviours. The physical-chemical properties of these particles and droplets are shown in Table 6-1. The
values of the CM factor (f,;,) for the above-mentioned particles and droplets are plotted as a function of
the frequency of the AC electric field, f, and is shown in Figure 6-2. In this work, the DI is employed as
the suspending media. It can be seen from Figure 6-2 that, the 5 pm and 10 pm PS particles and the droplets
of silicone oil always experience negative dielectrophoretic forces throughout the frequency spectrum of
the AC electric field. While the BMIM-PF¢ droplets experience positive DEP effects before the critical
frequency, i.e., 2.3x<10" Hz in DI water and then undergo negative DEP when the frequency of the AC
electric field is higher than the critical frequency. Likewise, the crossover frequency of the HMIM-PFg
droplets is 1.3x107 Hz in DI water. In the experiments, all the particles and droplets are suspended in the
DI water with a pH value of 7, a dielectric constant of 80, and an electric conductivity of 5.5%10°% S/m. The
ionic liquid(IL)-in-water microemulsion and the oil-in-water microemulsion are generated by mixing the
DI water and the silicone oil or the hydrophobic ionic liquids with the non-ionic surfactant Tween 20
(Sigma-Aldrich) as the stabilizer. In order to visually observe the different DEP behaviors, i.e., different
trajectories, of these emulsion droplets, the fluorescent dye of Nile Red (Sigma-Aldrich) is injected inside
the BMIM-PF¢ droplets. To fabricate the IL/oil-in-water emulsion, 1 mL IL or silicone oil, 5 mL DI water,
and 100 i Tween 20 are added in the glass bottle and the mixture was stirred vigorously by a vortex mixer
(VWR Scientific) at a speed of 3200 rpm for 1.5 min.

Table 6-1 Physical-chemical properties and critical frequency of the 5 um and 10 pm PS particles, the
silicone oil droplets, the droplets of BMIM-PFs and HMIM-PFs in DI water with a pH value of 7, a

dielectric constant of 80, and an electric conductivity of 5.5x%10® S/m.

Property Conductivity (S/m) Dielectric Constant Critical frequency (Hz)
5 pm PS particles 108 ~2¢, n/a
10 pm PS particles 10713 ~2¢, n/a
Silicone oil droplets 1071 ~2¢, n/a
Droplets of BMIM-PFg 0.137 ~1lg, 3t ~2.3x107
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Droplets of HMIM-PF 0.008 ~14g, 3% ~1.3x107
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Figure 6-2 Prediction of fom for the 5 m and 10 pm PS particle, the droplets of silicone oil, BMIM-PFg,
and HMIM-PFs as a function of the frequency of the applied AC electric field f.

For the yeast cells (standard lab yeast strain, Saccharomyces cerevisiae S288c), they are initially
grown in liquid YPD media (1% yeast extract, 2% peptone, and 2% glucose) at 30<C with shaking. After 2
days, the cells are divided into two sets: one was kept in YPD media and the other one in DI water to induce
nutrient deprivation. All of the samples are suspended in three liquids: (1) DI water with a,, =0.0002 S/m,
a dielectric constant of 80, and a pH value of 7; (2) the 0.4mM K;HPO;, solution with a,,, =0.01 S/m, a
dielectric constant of 80, and a pH value of 7; and (3) the 4.8mM K;HPO;, solution with g,,, =0.12 S/m, a
dielectric constant of 80, and a pH value of 7, respectively. To stain the dead cells, Methylene blue (Sigma-
Aldrich) is added to the suspension and kept stirring for 2 min 3°23%, Methylene blue is a dye that is used
to differentiate viable and non-viable yeast cells 3%, It enters all the yeast cells, however, only the viable
cells will remain colorless due to their enzymatic ability to reduce the dye. The dead cells will be stained
dark blue *®, shown in the Appendix G. During the experiments, the samples are introduced into the inlets
channel and transported through the outlets by the pressure-driven flow, i.e., the liquid heights difference
between the inlet reservoir and the outlet reservoir. In this study, the flow rate is approximately 3.75x103
uLs*. By controlling the liquid volumes deposited into the inlet reservoirs (i.e., different liquid levels), the
flow rate is adjustable. The microchannel is observed with an inverted optical microscope (Nikon TE 2000)

to examine the responses of the viable and non-viable yeast cell samples. An alternating square wave of the
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AC electric field was applied to the embedded electrodes using the function generator (model 8550, Tabor
Electronics Ltd.).

In the investigation of the lateral migration of the droplets and yeast cells, the triple-inlet shaped
microfluidic chip is utilized, as shown in Figure 6-1(a). The non-uniformity of the electric field was
produced by a pair of asymmetric orifices between the inserted electrode pads. The samples are loaded into
the sample inlet reservoir A after injecting the suspending solution into the whole channel. As the sample
solution and sheath flow solution are added into the corresponding wells with the same volume, the
trajectory of the cells moving along the main microchannel becomes solely determined by the ratio between
the widths of the sample inlet branch and the focusing inlet branch. In this system, the width of the sheath
flow inlet channel is 2 times larger than that of the sample inlet channel, which is 200 pm and 100 pm,
respectively; hence the samples are focused to flow along the centerline of the main channel by the sheath
fluids from inlet branches B and C. When moving through the area of the asymmetric orifices, the cells
undergo the DEP forces. For the droplets or yeast cells experiencing the p-DEP, they are attracted toward
the small orifice and move away from the centerline of the main channel. On the contrary, the droplets or
yeast cells subjected to the n-DEP effects migrate away from the centerline of the main microchannel
toward the large orifice. Then, the lateral migrations of the viable and non-viable yeast cells in the

suspending solutions with different electrical conductivity can be measured.

In order to sort the live and dead yeast cells, a mixture of 50-50% viable and non-viable samples in DI
water is prepared. For the separation of droplets/particles, the microchannel with a pair of asymmetric
orifices in between the embedded electrodes was utilized. In the experiments, 10 L of the relevant
suspending medium was introduced into the inlet reservoir to wet the whole microchannel. Then, 10 L of
the droplets/particles or mixed cells are injected into the sample inlet branch and are transported to the
outlet well by the pressure-driven flow. The samples from the inlet branch A moved into the main channel
and were focused by the flow from branch B to move closely to the small orifice. Limited to the height of
the microchannel, only the droplets smaller than 27 pm are allowed to enter the main channel. After
submerging the platinum wires into the opening of the microelectrode chambers, the electric field was
applied via the asymmetric orifice to the microchannel with the ac power supply (model 8550, Tabor
Electronics Ltd.). These droplets/particles or cells experienced DEP forces and hence the trajectories shift
correspondingly when moving through the area of the asymmetric orifices. As the magnitude of the DEP
force is proportional to the diameter of the particles and droplets, the separation by size can be achieved
straightforwardly. In this way, the particles with a smaller size will flow into the outlet branch C and the
ones with a larger size will move into the outlet branch D. By using this chip, the separation of the mixed
droplets of BMIM-PFs and HMIM-PFs, mixed droplets of silicone oil and BMIM-PFg, as well as the live
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and dead yeast cells with a similar size, is achieved. By tuning the applied electrical frequency, the droplets
or cells whose CM factor are positive will experience the p-DEP forces and be attracted toward the small
orifice, leading to the movement into the outlet branch C. For the droplets or cells having a negative value
of CM factor, they are repelled away from the small orifice by the n-DEP effects and move into the output
branch D. The characterization and separation of the droplets/particles and yeast cells are visualized under
the microscope and a CCD camera (QImaging) is applied to record the images at 25 frames. In this work,
all the experiments are carried out at room temperature approximately 25 +1 <C.

6.3 Results and discussion
6.3.1 Simulation of the electric field and droplet trajectory

Figure 6-3 shows the distribution of the electric field near the asymmetric orifices and an example of
the trajectories of the 15 pm droplets of silicone oil and BMIM-PFs and are demonstrated, which are
calculated by using COMSOL 4.3b. In this chip, the gradient of the electric fields is induced by applying
the AC electric field via the asymmetric orifices across the microchannel through the embedded electrodes.
The strongest non-uniform electric field is generated near the small orifice, as shown in Figure 6-3(a). As
the magnitude of the DEP forces increase with the particle radius, the DEP forces on the larger particles are
stronger, resulting in larger trajectory shifts. As an example, the trajectory changes of 5 and 10 pm
polystyrene particles are shown in Figure 6-3(b). The smaller ones experience relatively weaker negative
dielectrophoretic effects and flow into the upper outlet channel C. While the larger particles are repelled
away from the small orifice area into the outlet channel D. However, it can be inferred from Figure 6-3(c),
the 15 pm silicone oil droplets and 15 pm BMIM-PFg droplets are injected into the main microchannel
from inlet branch A and forced by the sheath flow from channel B to flow along the side walls with the
small orifice, where the maximum gradient of the electric fields exits. The BMIM-PF¢ droplets experiencing
p-DEP forces, i.e., positive lateral migration from the centerline of the main channel, are attracted towards
the small orifice and move into the output reservoir C. The silicone oil droplets are repelled away from the
small orifice by the negative dielectrophoretic effects, i.e., negative lateral migration from the centerline of
the main channel, and then flow into the outlet reservoir D. Polystyrene particles always experience
negative DEP. Therefore, the asymmetric orifice based AC-DEP microfluidic chip can realize the size-
dependent separation of particles/droplets and the sorting of different kinds of particles/droplets by

experiencing the opposite DEP behaviors.
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Figure 6-3 Distribution of the electric field in the microchannel and trajectory of the PS particles, and the
droplets of silicone oil droplets and BMIM-PFs. (a) Distribution of the gradient of the electrical field
squared (V|E|?). (b) An example of the separation of the 5 and 10 pm polystyrene particles under the
electric voltage of 10 Vp-p and the frequency of 100 kHz. (c) An example of the separation of the 15 pum the
BMIM-PFs droplets (blue) and the silicone oil droplets (red) in the channel. The small orifice has a width
and length of 10 um, and the large orifice is 500 pm in width. The applied frequency of the AC electric field
is 100 kHz and the electric voltage is 5 Vp-p.

6.3.2 Effect of the frequency and Vpeak-peak 0f AC electric field
6.3.2.1 Effect of the applied voltage Vpeak-peak

The effect of the applied voltage on the trajectory of 10 pm polystyrene particles was conducted by
applying the Vpeak-peak from 0 to 8 V (alternating square waves of 100 kHz). The DI water with a pH
value of 7, a dielectric constant of 80, and an electric conductivity of 5.5x10°° S/m was employed as the
suspending solution. The applied frequency of the AC electric field is 100 kHz and the polystyrene particles
always experience negative DEP forces, as inferred from the Figure 6-2. In these experiments, the width of

the small and large orifice is 10 pm and 500 pm, respectively.

It should be realized that according to Equation (6-1), the DEP forces increase with the gradient of the

electric field square (V|E|?). As the applied voltage increases, the DEP force will increase. As shown in

104



Figure 6-4(a) under 0 volts, the DEP force is zero, thus there is no trajectory change of the particles after
passing the small orifice. They all flowed into the outlet reservoir C. When 2 Vp-p was applied, as shown
in Figure 6-2(b), the DEP force made an apparent trajectory shift from the small orifice. However, the
trajectory shift of the particles is not large enough and a portion of them still flowed into the outlet reservoir
C. It can be found from Figure 6-2(c), when the applied potential was increased to 8 Vp-p, the strong DEP
force at the small orifice region caused significant trajectory change for the particles, so that the particles

continuously moved into outlet channel D.
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Figure 6-4 (a) Effects of the applied voltage on the trajectory of 10 pm particles by n-DEP forces in the
AC-DEP chip developed in this work. The dependence of the particles’ trajectories on the applied Vp-p (A)
0V, (B)2YV, (C)8V. The applied frequency of the AC electric field is 100 kHz.
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6.3.2.2 Effect of frequency
Polystyrene particles

To examine the effects of the frequency of the AC electric field on the trajectory of 10 um PS particles,
two different frequencies, 100 kHz, and 10 MHz, were conducted. As demonstrated in Figure 6-2, the value
of the f, for the 10 pm PS particles is always around —0.5. This indicates that they will undergo negative
DEP effects throughout the frequency spectrum of the AC electric field. It is clearly seen from Figure 6-5
that the 10 pm PS particles indeed undergo n-DEP effects and are repelled away from the small orifice in
the wide frequency range. In addition, it can be seen that the trajectory shift of PS particles under 10 MHz
(Figure 6-5(b)) is slightly smaller than that under 100 kHz (Figure 6-5(a)). This can be understood as
follows. Because the dielectrophoretic forces are proportional to the magnitude of CM factor; by using
Equation (6-1), the magnitude of the f,;, is 0.48 under the frequency of 10 MHz, while f,, = 0.5 at the
frequency of 100 KHz. Therefore, the trajectory shift of the PS particles under a higher frequency (10 MHz)
in Figure 6-5(b) is smaller than the trajectory shift under the frequency of 100 kHz demonstrated in Figure
6-5(a).
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Figure 6-5 Effects of the frequency of the AC electric field on the trajectory of 10 pm PS particles. The
dependence of the particles’ trajectories on the applied frequency f (A) 100 KHz, (B) 10 MHz, and the
applied electric voltage is 8Vp-p.
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BMIM-PFs droplets

It can be seen from Figure 6-2 that, the ionic liquid droplets of BMIM-PFg experience positive DEP
effects below the critical frequency, i.e., 2.3x<107 Hz in DI water and undergo negative DEP forces when
the applied frequency is higher than the crossover frequency. To examine the effect of the frequency of the
AC electric field on the trajectory of BMIM-PF¢ droplets, two different frequencies, i.e., 100 kHz (below
the crossover frequency) and 35 MHz, (above the crossover frequency) were applied separately. In this way,
the BMIM-PFs droplets should undergo from the positive DEP to the negative DEP. It can be figured out
from Figure 6-6 that when the critical frequency of the BMIM-PFs droplets is higher than the frequency of
the AC electric field,fy >0, the droplets are attracted towards the maximum electric field gradient by the
positive DEP forces and flow in outlet channel C. When the frequency of the AC electric field is higher
than the critical frequency, f¢5, <O, the droplets will be repelled away from the high electric fields region
by the n-DEP effects and move into the outlet reservoir D. The experimentally observed frequency
dependence of DEP behaviors of the BMIM-PF¢ droplets matches well with the prediction of DEP theory.
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Figure 6-6 Effects of the frequency of the AC electric field on the trajectory of the 15 pm BMIM-PFg
droplets, whose critical frequency is 2.3%x10" Hz in DI water. The dependence of the particles’ trajectories
on the applied frequency f (A) 100 KHz, (B) 35 MHz.

6.3.3 Prediction of the CM factor spectra of yeast cells

The DEP manipulation of the cells has been conducted in a wide range of the electrical conductivity

of the suspending solutions ”. In the surrounding medium with low electric conductivity, the cells
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experience the p-DEP forces. In a solution of low electric conductivity, the Joule heating and the bubble
generation become negligible. Whereas, due to the diffusion pressure disrupting the plasma membrane, the
ions from the cells may leak into the solution. Alternatively, when increasing the electrical conductivity of
the media, various DEP applications such as lateral sorting and electrothermal-assisted DEP can be
achieved, which mainly rely on the n-DEP behaviors of the cells. To examine the effects of the medium
conductivity, the CM factors of the viable and non-viable yeast cells in the suspending media with different
concentrations, i.e., different electrical conductivities, are drawn varying with the AC electric field
frequency, f. The results are plotted in Figure 6-7 and Matlab codes are listed in Appendix B. The physical-

chemical properties of the live and dead yeast cells are shown in Table 6-2.

Table 6-2 The physical-chemical properties of the viable and non-viable yeast cells 228,

Property Viable Non-viable
Interiors Conductivity (S/m) 0.2 7x1073
Membrane Conductivity (S/m) 2.5x1077 1.6x<10°*
Wall Conductivity (S/m) 1.4x1072 1.5x10°3
Interiors Dielectric Constant 50 50
Membrane Dielectric Constant 6 6
Wall Dielectric Constant 60 60
Interiors Radius (Lm) 3.772 3.242
Membrane Radius (Jum) 3.78 3.25
Wall Radius (pm) 4 35

As shown in Figure 6-7, the live and dead yeast cells in solutions of different ionic concentrations
have different CM factor curves varying with AC electric field frequency. For the viable cells, as shown in
Figure 6-7(a), when the medium conductivity is low, most of them demonstrate positive DEP behaviors.
When the conductivity of the solution increases t0 oy,edium3=0.01 S/m, the cells first experience the
negative DEP and then positive DEP after passing through the first critical frequency. Finally, the cell
transit to the n-DEP effects again when the critical frequency is smaller than the applied frequency.
However, the live yeast cells undergo negative DEP in most parts of the frequency spectrum when the

solution’s conductivity is as high as 0,eqiumsa=0-12 S/m. For the dead yeast cells, when the AC frequency
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increases, they experience positive DEP and then transfer to negative DEP when the solution’s conductivity
is lower than 0.001 S/m. However, when the solution’s conductivity is raised to higher than 0.01 S/m, they
always exhibit negative DEP behaviors throughout the frequency spectrum. Therefore, the electrical

conductivity of the suspending solution can be utilized to achieve the desired DEP response of the cells for

the specific applications.
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Figure 6-7 Prediction of the fcum for the (a) viable and (b) non-viable yeast cells in the suspending medium
with different concentration, i.e., different electrical conductivities, varying with AC electric field frequency.
6.3.4 Measurement of the lateral migration

Yeast cells

In the AC-DEP, the DEP behaviors become dependent on the frequency of the applied AC electric

fields and the medium conductivity. Because of the unique dielectric properties of the bioparticles, for
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example, the live yeast cells in DI water, as shown in Figure 6-7(a), exhibit positive DEP behaviors when
the frequency is low and negative DEP behaviors when the frequency is high, and display p-DEP behaviors
in most parts of the frequency spectrum when they are suspended in the high conductivity medium of 0.12
S/m. Whereas the dead yeast cells suspending in DI water undergo positive DEP when the frequency is low
and transfer to n-DEP behaviors in the range of high-frequency. The dead yeast cells undergo only n-DEP
when the suspending solution with high conductivity is employed. However, as these distinct DEP
characteristics are theoretical predictions, it is becoming essential to verify the dependence of these DEP
behaviors on the frequency and the solution conductivity experimentally. Therefore, in this work, the lateral
migrations of viable and non-viable yeast cells under the AC electric field were measured in three liquids:
(1) the DI water having a pH value of 7 and a,, =0.0002 S/m, (2) a 0.4mM K>HPO; solution with a pH
value of 7 and a,,, =0.01 S/m, and (3) a 4.8mM K;HPO, solution with a pH value of 7 and a,,, =0.12 S/m,
respectively, by using the AC-DEP system as illustrated in Figure 6-1(a). These yeast cells, whose sizes are
approximately 7.5 pm in diameter were utilized and 6 volts of peak-to-peak electric voltage was applied
throughout the AC frequency range. Then, the lateral migrations of the cells suspended in different solutions
throughout the 1 kHz ~ 10® MHz frequency range were obtained by measuring the distance between the
cells center and the centerline of the main channel. The experimental measurement of the migrations at
each frequency in Figure 6-8, Figure 6-9, and Figure 6-10 were performed three times in three different
chips, and the corresponding numerical measurement of the lateral migrations are conducted with the
particle tracing mold by using COMSOL 4.3b.

The fcum curves for the live and dead cells in DI water are plotted varying with AC electric field
frequency, f, in Figure 6-7. It can be figured out from Figure 6-7(a) that the viable yeast cells undergo
positive DEP forces when the frequency is lower than the crossover frequency, i.e., 4.3x10” Hz and
thereafter undergo the n-DEP effects. Figure 6-7(b) also shows that the crossover frequency of the non-
viable yeast cells is 1.7><10° Hz. As a comparison, Figure 6-8(a) presents the experimentally measured
lateral migrations of both the live and dead yeast cells. It can be seen that the lateral migrations of both
types of yeast cells transit from positive to negative as the applied frequency is increased from low to high.
Apparently, the CM factor curves of the yeast cells have a trend similar to that of the corresponding lateral
migrations. Furthermore, the crossover frequency of the live yeast cells can be estimated by the measured
lateral migration curve from Figure 6-8(a) as 3.6x<10" Hz, while the theoretical crossover frequency of the
CM factor in Figure 6-7(a) is 4.3x<10” Hz. Moreover, as shown in Figure 6-8(a) and Figure 6-8(b), the
experimentally measured lateral migrations of both the live and dead yeast cells have a trend similar to that
of the corresponding numerical simulated lateral migrations. The experimental results show a good
agreement with the theoretical predictions. This demonstrates that the DEP critical frequency of the bio-

particles can be evaluated by measuring the lateral migrations varying with AC electric field frequency.
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Figure 6-8 (a) The experimentally measured lateral migrations of the live (blue solid line) and dead (red
dash line) yeast cells in DI water varying with the AC electric field frequency f at 6 V., and (b) the
corresponding numerical simulation.

For higher values of the medium electric conductivity, the 0.4mM K;HPO, solution with a pH value
of 7 and a,,, =0.01 S/m (shown in Figure 6-9), and the 4.8mM K;HPO, solution with a pH value of 7 and
0m =0.12 S/m (shown in Figure 6-10) were used as the suspending solutions. It can be inferred from the
CM factor plotted in Figure 6-7, when suspending in the 0.4mM K;HPOQO, solution, only the live cells
undergo positive DEP behaviors in the frequency range of 6x10* to 4.1<10" Hz, whereas the live cells
experience n-DEP under the other frequency range. The dead yeast cells experience the n-DEP in the whole
range of the frequency. Similarly, in Figure 6-7, for the live cells in the 4.8mM K>;HPO, solution, they
exhibit p-DEP behaviors in a narrow frequency range from 1.8x10° to 4x10’ Hz. Other than that frequency
range, they undergo n-DEP effects, while the dead cells always demonstrate n-DEP behaviors throughout
the frequency spectrum. For comparison, the measured lateral migrations of the live and dead yeast cells in

these two solutions are plotted in Figure 6-9 and Figure 6-10. Clearly, the overall trends of the measured
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lateral migration curves are similar to the corresponding CM factor curves. In the 0.4mM K;HPQO, solution,
the crossover frequency of the live yeast cells can be estimated from Figure 6-9(a) as 3.7>x107 Hz, while the
theoretical crossover frequency of the CM factor in Figure 6-7(a) is 4.1x10" Hz. In the 4.8mM K;HPO,
solution, the crossover frequency of the live yeast cells can be estimated from Figure 6-10(a) as 1.5x10°,
while the theoretical crossover frequency of the CM factor in Figure 6-7(a) is 1.8>108. Similarly, as shown
in Figure 6-9 and Figure 6-10, the experimentally measured lateral migrations of both the live and dead
yeast cells have trends similar to those of the corresponding numerical measured lateral migrations. The
experimental results show good agreements with the theoretical predictions. Therefore, by controlling the
applied AC frequency and the medium conductivity, the desired DEP response of the bioparticles for the
various applications can be achieved. The critical DEP frequency of cells can be estimated by measuring
the corresponding lateral migration throughout the frequency spectrum.
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Figure 6-9 (a) The experimentally measured lateral migrations of the live (blue solid line) and dead (red
dash line) yeast cells in 0.4 mM K;HPO, solution varying with the AC electric field frequency f at 6 V.,
and (b) the corresponding numerical simulation.
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Figure 6-10 (a) The experimentally measured lateral migrations of the live (blue solid line) and dead (red
dash line) yeast cells in 4.8 mM K;HPO, solution varying with the AC electric field frequency f at 6 V.,
and (b) the corresponding numerical simulation.

Polystyrene particles and droplets

The CM factor (fcy) values for the polystyrene particles and BMIM-PFg droplets are plotted as a
function of the frequency of the applied AC electric field, f, and are shown in Figure 6-11(a). As discussed
in the Equation (6-1), the direction of the dielectrophoretic behaviors is determined by the sign of f-u and
the trajectory shifts of the particles/droplets increase with the value of the f,,. For the PS particles, f-y, =-
0.5 throughout the frequency spectrum of the AC electric field, they always experience the negative DEP
forces, resulting in negative lateral migrations. This is clearly confirmed by the experimentally measured
results of the frequency dependence of the lateral migration of PS particles as shown in Figure 6-11(b). As
seen in Figure 6-11(a), for the BMIM-PFs droplets, the fcp is positive, i.e., p-DEP, when the frequency is
lower than its crossover frequency 2.3x107 Hz. The magnitude of the fcy decreases quickly to zero as the

frequency increases to its crossover frequency. Then, the CM factor becomes negative, i.e. fcy <0, BMIM-
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PFe droplets will undergo n-DEP, after the frequency is larger than the critical frequency. It can be seen
from Figure 6-11(b) that the lateral migration of BMIM-PFs droplets indeed changes from positive to
negative (see Figure 6-1(b)) when the AC frequency increases from low to high. The curve of the lateral
migration varying with the frequency in Figure 6-11(b) is similar to the corresponding CM factor curve in
Figure 6-11(a). The curve of the experimentally measured lateral migration vs frequency in Figure 6-11(b)
has a crossover frequency of approximately 2.5x107 Hz, which is in a good agreement with the theoretically
calculated crossover frequency 2.3x<10” Hz (CM factor curve). This demonstrates that the crossover
frequency of each kind of particle, droplet or biological cell can be determined by measuring the lateral

migration as a function of the frequency of the applied AC electric field.
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Figure 6-11 (a) Theoretical prediction of fcm for the PS particles and BMIM-PFs, and (b) lateral migrations
of 19 pm (average) BMIM-PFs droplets (blue line) where 12Vp-p is applied, and 10 pm PS particles (red
line) where 6Vp-p is applied, as a function of the frequency of the applied AC electric field f.
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6.3.5 Separation of droplets by n-DEP and p-DEP response

As discussed previously, different types of droplets with different electrical properties, and hence
different critical frequencies, may exhibit different DEP behaviors, i.e., positive and negative
dielectrophoresis, respectively. In this work, the separation of different types of droplets with similar
diameter, i.e., the droplets of BMIM-PF¢ and HMIM-PFg of approximately 15 pm, and the silicone oil
droplets and BMIM-PFs droplets of approximately 15 pm were conducted. It can be seen from Figure 6-2
that, the critical frequency of BMIM-PFs droplets is 2.3x10” Hz in DI water, the droplets experience
positive DEP effects when the crossover frequency is higher than the applied frequency and will experience
negative DEP forces when the critical frequency is lower than the applied frequency. However, the critical
frequency of HMIM-PFs droplets is 1.3x<10" Hz in DI water. This means that the BMIM-PF¢ droplets and
the HMIM-PFs droplets will show opposite DEP behaviors, i.e., positive and negative dielectrophoretic
effects, respectively when the frequency of the applied AC electric field is in the range of 1.3x<107 Hz to
2.3x107 Hz. The silicone oil droplets always experience negative DEP effects throughout the frequency

spectrum.

(a) 20 Vp-p, 18MHz

BMIM-PF,

droplets
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HMIM-PF
droplets

(b) 20 Vp-p, 18MHz

BMIM-PF,
droplets
f_‘—\

Figure 6-12 (a) The separation of the droplets of BMIM-PFs and HMIM-PFs in the diameter of 15 pm
(average). (b) The fluorescent diagram of the trajectory of the fluorescent BMIM-PFg droplets with a size

of 15 pm undergoing positive DEP, where 20Vp-p and 18 MHz are applied.

In the experiments, DI water was used as the suspending solution. Error! Reference source not found.
shows the separation of two types of the IL-in-water emulsions, i.e., the droplets of BMIM-PFs and HMIM-

PFs, owing to their opposite dielectrophoretic behaviors, under a specific applied electric frequency, i.e.,

115



1.8x<107 Hz. In order to illustrate the individual trajectory of two different kinds of droplets, the fluorescent
dye Nile Red was added into BMIM-PF¢ so that the droplets of BMIM-PFs become fluorescent. As the
droplets of BMIM-PF¢ have foq =0.2 (Figure 6-2), they experienced positive dielectrophoretic effects and
were attracted towards the high electric field region, moving into the outlet reservoir C. This is clearly
shown by the fluorescent trajectories of the BMIM-PFe droplets in Error! Reference source not found.(b).
While the HMIM-PF¢ droplets have fqy =-0.2 (Figure 6-2), experiencing negative DEP, were pushed

away from the electric field maximum and moved into the outlet channel D.
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Figure 6-13 (a) Separation of 15 pm BMIM-PFs droplets and the silicone oil droplets (b) The fluorescent
diagram of the trajectory of the fluorescent BMIM-PFs droplets with a size of 15 pm experiencing positive
DEP. (c) The trajectory shifts of the pure silicone oil droplets undergoing negative DEP, where 5Vp-p and
100 kHz are applied.

Furthermore, the separation of the droplets of silicone oil and BMIM-PFs was carried out. The

different trajectories of the fluorescent droplets of BMIM-PF¢ and the non-fluorescent silicone oil droplets
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are shown in Figure 6-13(a) and Figure 6-13(b). The mixture of the droplets of BMIM-PFs (f¢) =1) and
silicone oil (f-), =-0.5) was separated and moved into outlet reservoir C and D by the p-DEP and n-DEP,
respectively. In order to examine the droplets of silicone oil flowed into the output reservoir D, the
experiments were repeated by manipulating the pure droplets of silicone oil under the same condition,
which are demonstrated in Figure 6-13(c). It clearly illustrates that the droplets of silicone oil were repelled
and moved into the output reservoir D by the negative dielectrophoretic effects, and the pure droplets of
silicone oil had the similar trajectory shifts as they had in the case of the mixture as demonstrated in Figure
6-13(a). The experimental results match well with the numerical simulation as shown in Figure 6-3(c). It
indicates again that the continuous sorting of different kinds of emulsions with the same diameter according
to their opposite dielectrophoretic behaviors can be realized by simply adjusting the applied frequency of

the AC electric field in the newly developed asymmetric orifice based AC-DEP chip.
6.3.6 Manipulation and separation of live and dead yeast cells

As discussed previously, the biological cells with different dielectric properties, i.e., different
crossover frequencies, may demonstrate the opposite DEP behaviors under a given AC frequency, and thus
can be separated by the negative and positive DEP effects, respectively. In this study, the manipulation and
sorting of live and dead yeast cells in the DI water with an electric conductivity of 5.5x10°° S/m, and a
dielectric constant of 80 were conducted by applying two different frequencies, i.e., 1 kHz and 10 MHz
with 6 Vp-p, respectively. Figure 6-14 shows the trajectories of the live and dead yeast cells under these
two AC frequencies. As inferred from Figure 6-7(a), the crossover frequency of live yeast cells is 4.3x<10’
Hz in DI water. When the applied frequency is lower than that, the live yeast cells undergo positive DEP
behaviors. Then, they will experience negative DEP effects as the applied frequency increasing over the
crossover frequency. While, for the dead cells in DI water, the crossover frequency becomes 1.7 <10° Hz.
Therefore, if the applied frequency is higher than 1.7>10° Hz and lower than 4.3x<107 Hz, the live and dead
cells show the opposite DEP behaviors, i.e., positive and negative dielectrophoretic effects, respectively.
This distinction enables the sorting of cells based on their properties and enables the separation of live and

dead cells.

As shown in Figure 6-14(a), when the applied frequency of the AC electric field, i.e., 1KHz, f > 0,
all the live and dead yeast cells experienced positive DEP and were attracted towards the maximum electric
field gradient (i.e., near the small orifice), then flowing into outlet channel C. Figure 6-14(b) shows the
successful separation of the live (light dots) and dead (black dots) yeast cells, due to their opposite
dielectrophoretic behaviours by applying a specific electric frequency, i.e., 110" Hz. Under this condition,
the live yeast cells have f-,, =0.7 (Figure 6-7(a)) they experienced positive dielectrophoretic behaviors and

were pull towards the small orifice, then flowed into the outlet branch C. While the dead yeast cells have
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fem =-0.15, experiencing negative DEP, were repelled towards the large orifice and flowed into the outlet
branch D. Clearly, this demonstrates that the separation of the biological cells of similar size with different
dielectric properties can be achieved by simply adjusting the frequency of the AC electric field in the

microfluidic system developed in this work.
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Figure 6-14 AC DEP separation of the live and dead yeast cells in DI water by adjusting the applied AC

frequency.

6.4 Conclusion

In conclusion, in this chapter, we developed AC-DEP microfluidic chips for continuous
droplet/particle and cell characterization and separation. The microfluidic chip induces the non-uniform
electric field by applying the AC electric fields via a set of asymmetric orifices located on the opposite
sidewalls in the main channel. In the vicinity of the orifices, the droplets/particles and cells experiencing
the positive DEP forces are attracted toward the small orifice where the strongest non-uniformity of the
electric field exists and moved away from the central line of the channel, while the negative DEP cells are
repelled away from the central line of the channel and flowed toward the large orifice, i.e., the weak electric
field. The effects of the applied frequency and voltage on the AC-DEP behaviors of droplets and particles,
and the effects of the medium ionic concentrations, i.e., different electrical conductivities, on the CM factors

of the yeast cells over a large range of the AC electric field frequency are investigated. Then, the lateral

118



migrations of the droplets/particles and cells as a function of the AC frequency are measured, which have
trends similar to the corresponding curves of CM factors and match well with the numerical simulation
results, providing a strategy to evaluate the critical frequency of the biological particles and characterize
the cells. By simply adjusting the frequency and strength of the AC electric field, desired DEP behaviors
of the droplets/particles and cells for the various applications can be achieved which enable the separation
of different types of emulsions in the same diameter and sorting of viable and non-viable yeast cells as well
as the yeast cells with targeted diameter and dielectric property. This developed AC-DEP system provides
a method to characterize the critical frequency of the specific cells and manipulate the targeted cells.
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CHAPTER 7 Conclusions and Future Work

This chapter presents an overall summary of this thesis. Contributions of this thesis are also listed
below. Based on these conclusions, future directions in the asymmetric orifice based dielectrophoretic

microfluidic system and potential applications in the biological and clinical analysis are recommended.

7.1 Conclusions and contributions

This thesis starts with the fabrication of the asymmetric-orifices based dielectrophoretic microfluidic
chip. Two fundamental research projects and an extension of the practical application using the DC-DEP
method and one systemically research project using the AC-DEP method are conducted on the asymmetric-
orifices based microfluidic devices. In the nano-orifice based dielectrophoretic microchannel fabrication
part, the non-uniform electric field is generated by applying the electric field via a pair of asymmetric
orifices, a small orifice on one side of the channel walls and a large orifice on the opposite side of the
channel walls. In order to obtain a strong gradient of the non-uniform electric fields, i.e., a large width ratio
between the small orifice and the large orifice, a small microchannel or a nanochannel fabricated by the
solvent-induced cracking method is used to form the small orifice. The asymmetric orifices structure allows
the dielectrophoretic manipulation and separation of particles with smaller size differences and separation
of nanoparticles for the first time. The fundamental research projects and an extension of the practical
application project investigate the DC dielectrophoretic sorting of the nanoparticles, microemulsion
droplets, and Janus particles in microchannels numerically and experimentally, providing a platform to
manipulate different kinds of targets not only by size but also by type. Lastly, by using the AC-DEP
microfluidic chips, the tunable characterization and identification of droplets and biological cells are
investigated. To generate DEP forces, two electrode-pads are embedded in a set of asymmetric orifices on
the opposite sidewalls to produce the non-uniform electric fields. In the vicinity of a small orifice, the cells
experience the strongest non-uniform gradient. The effects of the strength and frequency of the applied AC
electric field, as well as the ionic concentrations, i.e., different electrical conductivities on their DEP
behaviors, are investigated, respectively. To evaluate the critical frequency of the specific droplets and cells
and manipulate the targeted cells, a microfluidic system is developed to measure the lateral distance
between the cells center and the centerline of the main channel as a function of the AC frequency. The
trends of measured lateral migrations of yeast cells are similar to the corresponding Clausius—Mossotti (CM)
factors. This system provides a method to characterize the crossover frequency of the specific cells and
manipulate the targeted cells. Overall, based on the studies presented in the previous chapters, the major

contributions of this research are briefly summarized as follows:
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1)

2)

3)

4)

5)

6)

7)

8)

9

We developed a novel asymmetric-orifices based method to dielectrophoretic manipulate and

characterize nanoparticles, microemulsion droplets, and biological cells.

Regarding the generation of the non-uniform electric field, i.e., dielectrophoretic forces, the electric
field is employed via a pair of asymmetric orifices, a small orifice on one side of the channel walls

and a large orifice on the opposite side of the channel walls.

In order to obtain a strong gradient of the non-uniform electric fields, a large width ratio between
the small orifice and the large orifice and a short small orifice is necessary. We fabricated a small
microchannel or a nanochannel by the solvent-induced cracking method to form the small orifice.

We developed a home-made alignment system by using an inverted optical microscope, and the
resolution of the alignment system is high enough for general microfluidic applications.

The asymmetry-orifices based dielectrophoretic microchannels used in our experiments are simple
to fabricate and the throughput can be easily increased by ten times or more by integrating the
pressure-driven flow in the microchannel for transportation. There is no high electric field applied
through the whole microchannel, and the Joule heating effect is essentially avoided. The generation
of the local electrical field gradient does not require a change of the cross-section of the

microchannel and will not affect the transport of the particles.

The asymmetric orifices structure enables the separation of particles with smaller size differences
and separation of nanoparticles. We believe that asymmetry-orifices based dielectrophoretic

devices will benefit the microfluidic fields in the future.

The smaller nanoparticles separated by size in our experiments are as small as 51 nm and 140 nm,
i.e., with a size difference of 90 nm which was the highest separation resolution in the microchannel
by DC-DEP method to the best of our knowledge. The experimental results expand our

understanding of the DC-DEP techniques and applications in a microchannel.

We demonstrated the effects of the applied electric field, the flow rate as well as the width and
length of the small orifice on the DC-DEP separation resolution and sensitivity. The experimental

results of the particle trajectory show good agreements with the numerical simulation results.

The performance of the asymmetry-orifices based DC-DEP system on the separation of the
nanoparticles by type, including separation resolution (10 nm), sensitivity (separation of 140 nm
polystyrene and 150 nm magnetic nanoparticles) and capability of sorting different kinds of

nanoparticles is investigated systematically for the first time.
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10)

11)

12)

13)

14)

15)

16)

17)

Very limited studies have been done on the dielectrophoretic manipulation of Janus particles under
DC electric field. We derived the DC-DEP forces acting on the Janus particles and developed a

numerical model for Janus particles movement in the microchannel for the first time.

We studied the effects of the strength of the electric fields, as well as the coating coverage, thickness,
and electrical conductivity of the Janus particles on their DEP behaviors and trajectories under DC
electric field systematically. The effect of the coating thickness of the Janus particles on their
dielectrophoretic behaviors is negligible when using the DC-DEP method and the Janus particles
with gold coating coverage over 50% will experience positive DEP effects.

We demonstrated the extension of the asymmetry-orifices based DC-DEP system on manipulation
and separation of the oil and ionic liquid-in-water microemulsion droplets, resulting in the
separation of smaller silicone oil droplets with a small size difference of only 3.5 pm. By selecting
the surrounding solution with a specific electrical conductivity, the separation of the emulsion
droplets of similar size but different contents is achieved by opposite DEP effects, i.e., p-DEP and
n-DEP, respectively, providing a platform to manipulate different kinds of emulsion droplets

carrying different biomolecules or bioparticles.

We developed a novel AC-DEP microfluidic system for the tunable characterization and
identification of droplets and biological cells based on two electrode-pads embedded in a set of

asymmetric orifices on the opposite sidewalls to produce the non-uniform electric fields.

The non-uniformity of the electric field in the AC-DEP becomes solely dependent on the width
ratio of the insulated small and large orifices as well as the length of the small orifice, the fabrication

of the microelectrodes is simplified and the electrolytic reactions at the electrodes are avoided.

We demonstrated a novel AC-DEP method in measuring the lateral migrations of the
particles/droplets and yeast cells from the centerline of the main channel to the center of the targets
in the recorded images for the first time. The trends of measured lateral migrations are similar to

the corresponding Clausius-Mossotti factors.

We demonstrated the effects of the applied frequency and voltage on the AC-DEP behaviors of
droplets/particles, and the effects of the medium ionic concentrations, i.e., different electrical
conductivities, on the AC-DEP lateral migrations and Clausius-Mossotti factors of the yeast cells

over a large range of the AC electric field frequency.

The asymmetry-orifices based AC-DEP system is capable of separating different types of
emulsions in the same diameter and sorting of viable and non-viable yeast cells as well as the yeast

cells with the targeted diameter and dielectric property.
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18) We developed an AC-DEP method to identify the critical frequency of specific biological cells and

manipulate the targeted cells, as well as a fingerprint to characterize the cells.

7.2 Recommendations and future research
Possible directions and extensions of the present work are as followings.
7.2.1 Microfluidic device fabrication

The asymmetric-orifice based microfluidic chip presented in this thesis is easy to fabricate; however,
improvements are still needed for practical applications, including:

a. Toinduce strong non-uniform electric fields in the asymmetric-orifices based microchannel, a small
microchannel or a nanochannel is used to form the small orifice on one side of the microchannel
walls. To obtain the small microchannel or nanochannel, small micron cracks or nanocracks are
created on polystyrene surface, which is generally larger than 100 nm in width and difficult to be
produced smaller than 100 nm. This problem may be solved by using a polymer with different
molecular structures such as PMMA and smaller crackers in nanoscale may be created by their

nature.

b. The pattern of the small micron cracks or nanocracks is transferred onto a SU8 photoresist layer by
the soft lithography technique to work as the positive small micron channel or nanochannel mold
and the crack on the polystyrene surface is not stable during the replication because of the solvent
in the duplication. It becomes necessary to find a suitable material for the positive channel mold

replication from these cracks.

c. For the asymmetric-orifices based DEP system, the small micron orifice or nano orifice was
fabricated by PDMS which is relatively soft when the size of the structure is smaller than 50 nm
and results in channel collapse. The hard PDMS may solve this problem in most cases, which is
generally complexed and time-consuming. It is urgent to find a ready-to-use material with high
Young’s modulus and nanomaterials such as CNT, nanowires, or nanoribbons may be utilized to

replace the PDMS nano orifice and perform as the small orifice.

d. The microfluidic chips presented in this thesis were made by bonding a top PDMS layer having the
microchannel structure with a bottom PDMS layer having a single small microchannel or
nanochannel by using a custom-made alignment system under a microscope. The fabrication of the
repeatable microfluidic device would be simplified and an alignment system would no longer be
required by integrating the top microchannel and the bottom small microchannel or nanochannel

onto one channel mold.
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e. For the AC-DEP characterization of biological cells, micro copper electrodes were utilized to
generate the non-uniform electric field, which are not compatible with the bioparticles. Electrodes
with good biocompatibility and that are inert and noncorrodible such as platinum electrode pads
may solve this problem, and the electrochemical effects would be negligible and no bubbles would

be observed during the experiments.
7.2.2 Continuous DC-DEP manipulation of nanoparticles and droplets

In this thesis, we only demonstrated the separation of nanoparticles as small as 51 nm and 140 nm, as
well as 140 nm polystyrene and 150 nm magnetic nanoparticles, and conducted the numerical studies of
dielectrophoretic behaviors of Janus particles under DC electric field. The separation resolutions we studied
are very limited and the systematically experimental studies on the DC-DEP manipulation of Janus particles
are necessary. More experiments are needed to explore these behaviors:

f. The DC-DEP method enables the size-dependent separation of the nanoparticles of 51 nm and 140
nm, i.e., with a size difference of 90 nm in diameter, and the separation of 140 nm polystyrene and
150 nm magnetic nanoparticles by type, however, a higher separation resolution and sensitivity

should be carried out and achieved, such as the manipulation of smaller DNA or protein.

g. The effects of the electrophoretic forces acting on the particles, especially nanoparticles, may

disturb the particle trajectories near the orifices, and efforts should be made to improve this problem.

h. Magnetic particles are used in cases of type-dependent separation, and an electric current generates
a magnetic field which can attract magnetic particles leading to a similar phenomenon to positive

DEP. To be noted, an explanation has been demonstrated in Appendix C.

i. Due to the small dimensions of the small nano-orifice and low electrical conductivity of the
suspending solution, EDL overlap may occur and result in concentration-polarization effect across

the nano-orifice. Efforts should be made to improve this problem.

j. Experimental studies of Janus particles with various coating coverage, coating thickness, and
coating materials under DC electric field should be carried out to verify the simulation and fully
understand their DC-DEP behaviors.

k. For the asymmetric orifice based DC-DEP technique, the devices developed for the manipulation
and separation of targeted individual droplets with specific size and content can be integrated into
conventional microfluidic droplet generation systems and provides a simple and effective method

for wide droplet-based applications in industry and research.
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7.2.3 Applications of AC-DEP microfluidic systems

In this thesis we only studied the most common cases: lateral migrations measurement of viable and

non-viable yeast cells, and ionic liquid-in-water emulsion droplets in three different suspending solutions,

and the critical frequencies we studied were very limited. More experiments are needed to explore these

fingerprints:

When the frequency of the AC electric field is varied, there appears to be a significant difference
in the particles trajectories (between fcm=-0.48 and fcm=-0.5) and the marginal difference may not
be sufficient to explain this trajectory change. To be noted, an explanation has been demonstrated

in Appendix F.

. For the asymmetric orifices based AC-DEP system, the working principle and procedures

developed in measuring the lateral migrations and locating the critical frequency of the viable and
non-viable yeast cells can also be applied to various biological particles, such as DNA, viruses, and
bacteria in various suspending solutions. The developed strategy provides a method to identify the
distinct property, i.e., crossover frequency of the bioparticles and the fingerprints to characterize

the bioparticles.

. To induce the non-uniform electric field in the developed AC-DEP microfluidic system, one pair

of asymmetric orifices was utilized. It may be beneficial to show the operation of the system with
multiple sets of asymmetric orifices. In this way, the sorting efficiency of the system may be

improved and the flow rate may become operational.
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Appendix A

Effect of small orifice size on the maximum electric field

As discussed in CHAPTER 3, the asymmetric orifices structure with a relatively large width ratio and
a shorter small orifice can induce a stronger electric field gradient and hence larger DEP force, leading to a
high separation resolution. The equation relating the V|E|?max to the size of the small orifice may be
obtained by numerical simulation. Numerical simulations have been conducted using COMSOL 4.3b. Table
A-1, Table A-2, and Figure A-1 show the example values of V|E|?max obtained for different orifice
combinations, as a function of the width and length of the small orifice at a given electric potential.

Table A-1 Calculated values of V|E|°max for different width ratios (the width of the large orifice is fixed at

500 pm and the length of the small orifice is fixed at 10 pm).

Width of the Length of the Aoolied vol -
led voltage
small orifice Width ratio small orifice PP : max
V) (V¥m?d)
(bm) (1)
5 100 10 10 7.95%1018
25 200 10 10 1.03x101°
1.25 400 10 10 1.15>10%
1 500 10 10 1.28x10%°
0.5 1000 10 10 1.98x10"%°

Table A-2 Calculated values of V|E |*nax for different lengths of the small orifice (the width ratio is fixed at
100).

Lengthofthe  width of the
Applied voltage VIE|?

P small orifice Width ratio max
small orifice V) (V2Im?)
(L) (bm)
10 5 100 10 7.95x10'8
20 5 100 10 6.01x<10'®
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30 5 100 10 3.04x10'8

40 5 100 10 2.61>10"
50 5 100 10 2.04%10"
25
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Figure A-1 Numerical simulations of V|E |’nax for: (a) different width ratios (the width of the large orifice
is fixed at 500 pm and the length of the small orifice is fixed at 10 pm), (b) different lengths of the small
orifice (the width ratio is fixed at 100).

It can be inferred from Figure A-1 that the relation between the V|E|?, and the width ratio of the

asymmetric orifices is expressed as
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VIE|2_  =0.0126w + 6.9065

max

where w represents the width ratio of the asymmetric orifices.

While the relation between the V|E|? and the length of the small orifice is expressed as

max

V|E|? = —3.914InL + 17.089

max

where L represents the length of the small orifice.
Therefore, by choosing an appropriately large width ratio of the nano-orifice and the micron orifice
and a shorter small orifice, the sufficiently strong gradient of the electric field and hence sufficiently large

DEP forces are generated, which enables the manipulation and separation of smaller micron and nano-sized
particles and particles with the smaller size difference.
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Appendix B

An example of Matlab code for calculating Clausius-Mossotti factor (fcwm)

The Clausius-Mossotti factor (fcm) varying with the electrical conductivity of the suspending solution under
DC electric field

clc
Sigma m=le-6:1e-5:1e0; %% electrical conductivity of the suspending solution
Sigma p=[7.8%*le-2 2.9*%1le-2 0.8*le-2]; %% electrical conductivity of 5lnm, 140nm,
and 500nm polystyrene particle
f cm=zeros (length(Sigma m),length(Sigma p)); %% Clausiu-Massotti factor (fcw)
varying with the electrical conductivity of the suspending solution under DC
electric field
for i=l:length(Sigma_ p)

f em(:,1)=((Sigma p(i)-Sigma m)./(Sigma p(i)+2*Sigma m));
end
figure
semilogx (Sigma m,real (f cm)); %% real part of fou

The Clausius-Mossotti factor (fcm) varying with the frequency of AC electric field

clc

epsilon 0=8.854*1le-12; %% permittivity of vacuum

f=1e3:1e3:1e9; %% frequency of the AC electric field

w=2*pi*f; %% angular frequency of the AC electric field

Sigma m=2*1le-4; %% electric conductivity of DI water%

epsilon m=78*epsilon 0; %% dielectric constant

Sigma_ interior=0.2; %% interior conductivity of viable yeast cells

Sigma membrane=2.5*1le-7; %% membrane conductivity of viable yeast cells
Sigma wall=1.4*le-2; %% wall conductivity of viable yeast cells

epsilon interior=50*epsilon 0; %% interior dielectric constant of viable yeast
cells

epsilon membrane=6*epsilon 0; %% membrane dielectric constant of viable yeast
cells

epsilon wall=60*epsilon 0; %% wall dielectric constant of viable yeast cells
radius _interior=3.772; %% interior radius of viable yeast cells

radius membrane=3.78; %% membrane radius of viable yeast cells

radius wall=4; %% wall radius of viable yeast cells

rl=radius membrane/radius_interior;

bl=epsilon membrane- (i./w)*Sigma membrane;

cl=epsilon interior-(i./w)*Sigma interior;

dl=rl1”2+2* (cl-bl) ./ (cl+2*bl);

el=rl1”2-(cl-bl)./(cl+2*bl);

al=bl.*dl./el; %% complex permittivity of interior and membrane of viable yeast
cells

r2=radius wall/radius membrane;

b2=epsilon wall-(i./w)*Sigma wall;

d2=r272+2* (al-b2) ./ (al+2*b2);

e2=r2"2-(al-b2) (al+2*b2) ;

a2=b2.*d2./e2; complex permittivity of viable yeast cells

c2=epsilon m-(i./w)*Sigma m; %% complex permittivity of suspending solution
m2=a2-c2;

n2=a2+2*c2;

o3
© 0

./
./
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f cm2=m2./n2; %% Clausius-Mossotti factor (few) varying with the frequency of AC
electric field

semilogx (f, real (f cm2));

hold on

Sigma interior=7*le-3; %% interior conductivity of non-viable yeast cells
Sigma membrane=1.6*1le-4; %% membrane conductivity of non-viable yeast cells
Sigma wall=1.5*1le-3; %% wall conductivity of non-viable yeast cells

epsilon interior=50*epsilon 0; %% interior dielectric constant of non-viable
yeast cells

epsilon membrane=6*epsilon 0; %% membrane dielectric constant of non-viable
yeast cells

epsilon wall=60*epsilon 0; %% wall dielectric constant of non-viable yeast
cells

radius_interior=3.242; %% interior radius of non-viable yeast cells

radius membrane=3.25; %% membrane radius of non-viable yeast cells

radius wall=3.5; %% wall radius of non-viable yeast cells

rl=radius membrane/radius_interior;

bl=epsilon_membrane—(i./w)*Sigma_membrane;
cl=epsilon_interior—(i./w)*Sigma_interior;

dl=rl”2+2* (cl-bl) ./ (cl+2*Dbl) ;

el=rl1”2-(cl-bl) ./ (cl+2*bl);

al=bl.*dl./el; %% complex permittivity of interior and membrane of non-viable
yeast cells

r2=radius_wall/radius_membrane;

b2=epsilon wall-(i./w)*Sigma wall;

d2=r272+2* (al-b2) ./ (al+2*b2) ;

e2=r2"2-(al-b2) (al+2*b2) ;

a2=b2.*d2./e2; complex permittivity of non-viable yeast cells

c2=epsilon m-(i./w)*Sigma m; %% complex permittivity of suspending solution
m2=a2-c2;

n2=a2+2*c2;

f cm2=m2./n2; %% Clausius-Mossotti factor (fe) varying with the frequency of AC
electric field

semilogx (f, real (f cm2));

hold on

°

./
./
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Appendix C

Effects of the magnetic field in the microchannel

The electric current generates a magnetic field which can attract magnetic particles and leads to a
similar phenomenon to positive DEP the magnetic field effects on the magnetic particles. However, the
magnetic particles used in CHAPTER 4 are the magnetic coated polystyrene beads and the Fe;O4 coating
thickness is approximately 40 ~ 200 nm which can be neglected in comparison with the micron-sized
particles. Furthermore, the Lorentz force on a charged particle moving in a magnetic field is given by

F=quvXxB

I
B = Ho
2nr
where q is the electric charge of the particle, v is the instantaneous velocity of the particle, B is the

magnetic field, | is the electric current, u, is the magnetic constant, and r is the radius.

Because the electric current involved in this study is very small, for example, the current is about
0.9x107% A in the case of separation of 5.2 jum magnetic-coated polystyrene particles and 7 m fluorescent
polystyrene particles, there is no significant magnetic field and hence no significant magnetic field force F

generated on the magnetic particles. Therefore, the magnetic field effect is negligible.
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Appendix D

Fabrication procedure of the micro copper electrodes

For the fabrication of the copper electrode pads, the procedure is illustrated in Figure A-2. The thick
photoresist layer was firstly spin-coated on the electrode pad (Sigma-Aldrich) at the speed of 3000 rpm in
the steps (a) and (b) as shown in Figure A-2. Afterward, by submerging in the photoresist developer
(MicroChem), the exposure parts of the photoresist were dissolved after UV treatment (steps (c) and (d)).
Following the step (e), the uncovered pads were etched from the copper sheet with the exposed photoresist
in the copper electrode etchant (LCE-100, Transene Inc.) at 65 <C. Then, the photoresist was removed from
the electrode-photoresist sandwich in the NaOH (30%) bath at 130 oC for 40 min and the copper electrode
pads with patterned structures were obtained in step (f). After manually inserting the electrodes into the
microfluidic chambers under the microscope, the chip was produced by bonding it with a plasma-treated
glass substrate. The microelectrodes (25 pm in thickness) lying in the deformable PDMS chamber (27 pm
in depth) were firmly compressed. Then, the microchannel was filled in with the surrounding solution which
automatically sealed the tiny gaps adjacent to the electrode pads. By tuning the liquid level in the wells of

the copper chambers, the medium leaking through the gaps was negligible.

Spin- .
coating

(a) (b) [

1111
—— =

(¢) (d)
.. Copper electrode
Stripping .
m — SU-8 Photoresist
(e) H s Patterned film

UV exposure

Figure A-2 Fabrication of the copper electrode pads with a patterned structure by using extended soft-

lithography.

153



Appendix E

AC-DEP separation of 5 pm and 10 pm PS particles

As discussed in CHAPTER 6, the separation of 5 m and 10 pm PS particles by size was conducted
by applying the 5Vp-p and 100 kHz. The DI water with a pH value of 7, a dielectric constant of 80, and an
electric conductivity of 5.5 X 107® S/m was used as the surrounding media. In the experiment, the width of
the small and large orifice is 10 m and 500 pm, respectively. It should be realized that according to
Equation (6-1), the magnitude of the DEP force increases with the particle volume (a®). The particles with
different sizes will be driven into individual trajectories after passing through the dielectrophoretic force
area. As discussed in Equation (6-1), the magnitude of the DEP force exerted on the 10 pm particles is 8
times larger than that on the 5 m particles. Therefore, the 5 um particles experienced relatively weaker n-
DEP effects and moved into the outlet channel C. The 10 pm particles experienced stronger DEP force,
resulting in sufficiently large trajectory shifts, and moved into the outlet channel D, as shown in Figure A-
3. The size-dependent separation of 5 pm particles and 10 m particles was achieved. Therefore, by using
this AC-DEP method, the manipulation and separation of the targeted particles/droplets can be successfully
achieved by optimizing the applied electric potential, the width and length of the small orifice, as well as
the asymmetric orifices’ width ratio. In addition, by selecting the asymmetric orifices with a large width
ratio, low electric potentials are enough to produce sufficiently strong electric field gradient, which enables

the separation with high sensitivity without using the voltage amplifier instruments.

5 Vp-p, 100KHz
N-DEP
5 pm
A Bl ——cC
7. : = Y :.‘:-...:-".'J.:" 2T e e o = ----‘ _-. 7 4 <
- ™ » . o ; - e -o.. :‘ <

b o 10w
B s D

Figure A-3 Size-dependent separation of 5 pm and 10 pm PS particles with 5Vp-p and 100 kHz applied.
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Appendix F

Effect of fcm on particle trajectory change

As discussed in CHAPTER 6, there appears to be a significant difference in the particle trajectories in
Figure 6-5 when the AC field frequency is varied. The marginal difference between the estimated CM factor
(fom) (-0.48 vs. -0.5) leads to the trajectory changes. Besides the AC-DEP effects, other possible factors
may include Brownian motion and gravity. As shown in Figure A-4 %, the changing effects of the
magnitudes of three dominant forces, i.e., Brownian motion, gravity, and dielectrophoresis, on particle
behaviors in an AC field are illustrated. Here the displacement of a particle has been calculated over a time
interval of 1 second, plotted as a function of particle size. For large particles, the Brownian motion is
minuscule, resulting in a displacement of the order of nanometers, so that to all extents and purposes it can
be ignored even for particles up to 1 pm in radius. Compare this with the influence of the gravitational force,
this scales linearly with volume so that the bigger the particles the further they move. Contrast these effects
with dielectrophoretic forces, for particles larger than 1 pm, Figure A-4 shows that the DEP force dominates
over both the gravitational force and Brownian maotion, i.e., DEP is the solely deterministic force over this

period of time.
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Figure A-4 Diagram of the relative magnitudes of displacement in one second due to three physical
mechanisms: Brownian motion, gravity, and dielectrophoresis as a function of particle radius from 1 cm

down to 1 nm .

Therefore, in this study, the DEP forces acting on the 10 pm PS particles are the dominant forces. As
we know, the magnitude of the dielectrophoretic force is proportional to the magnitude of f;,, while the
direction of the dielectrophoretic behaviors is depending on the sign of f,. Due to the magnitude
difference between the CM factors at different frequencies of the AC electric field, the trajectory shifts of
the PS particles under 10 MHz (the magnitude of the f, is 0.48) are slightly smaller than that at the
frequency of 100 kHz (f¢ = 0.5).
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Appendix G

Methylene blue stain of yeast samples

For the yeast cells (standard lab yeast strain, Saccharomyces cerevisiae S288c) used in CHAPTER 6,
they are initially grown in liquid YPD media (1% yeast extract, 2% peptone, and 2% glucose) at 30 <C with
shaking. After 2 days, the cells are divided into two sets: one was kept in YPD media and the other one in
DI water to induce nutrient deprivation. All of the samples are suspended in three liquids: (1) DI water with
0, =0.0002 S/m, a dielectric constant of 80, and a pH value of 7; (2) the 0.4mM K;HPO, solution with
o, =0.01 S/m, a dielectric constant of 80, and a pH value of 7; and (3) the 4.8mM K;HPO, solution with
o, =0.12 S/m, a dielectric constant of 80, and a pH value of 7, respectively. To stain the dead cells, the
Methylene blue (Sigma-Aldrich) is added to the suspension and kept stirring for 2 min. Methylene blue is
a dye that is used to differentiate viable and non-viable yeast cells. It enters all the yeast cells, however,
only the viable cells will remain colorless due to their enzymatic ability to reduce the dye. The dead cells

will be stained dark blue, as shown in Figure A-5.

©

o 9

\ O 4 y

Figure A-5 Methylene blue stain of non-viable yeast samples in the (a) DI water, (b) 0.4mM K;HPO,
solution, and (c) 4.8mM K;HPOQO;, solution.
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