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Abstract

Biological sample analysis is a costly and time-consuming process. It involves highly
trained technicians operating large and expensive instruments in a temperature and dust
controlled environment. In the world of rising healthcare cost, the drive towards a more
cost-effective solution calls for a point-of-care device that performs accurate analyses of
human blood samples. To achieve this goal. todays bulky laboratory instruments need to
be scaled down and integrated on a single microchip of only a few square centimeters or

millimeters in size.

Dielectrophoresis (DEP), a phenomenon where particles are manipulated by non-uniform
electric fields, stands to feature prominently in the point-of-care device. An original
device that enhances DEP effect through novel geometry of the electrodes is presented.
When activated with sinusoidal waveforms, the novel shaped electrodes generate non
uniform bands of electric fields on the surface of the microchip. With these bands of
electric fields, particles can be separated and eluted out. Experimental results showing
the collection, separation, and transportation of yeast cells are presented. With
capabilities for high throughput cell trapping. the novel microchip device delivers
substantial improvements over the existing DEP designs. The research presented here
explores the novel electrode geometry in cell trapping fabricated using an inexpensive

screen printing technique.

Chapter 1 introduces the problem statement and discusses in detail about the
phenomenon of DEP along with the governing equations. The motivation of the present

work is also discussed at the end of the chapter.

Chapter 2, provides an overview of the state-of-the-art of different 2D and 3D metal and
carbon electrode structures used in various dielectrophoretic microfluidic devices. Detail
review of various electrode types fabricated with convention lithography and pyrolysis
techniques and non-conventional screen printing method is carried out and arranged
chronologically to study the evolution of carbon electrodes. At the end the scope of the

present work towards realizing a cost effective and high throughput method is discussed.

Chapter 3, we present the simulation results to provide us a better understanding of the

particle behaviour in the proposed channel. Since, the heart of any DEP device is a set of



electrodes producing a high gradient electric field that drives particles by DEP. therefore
some of the commonly used electrode designs have been simulated using COMSOL and

the field gradient results have been compared.

Chapter 4. details the fabrication of C-Serpentine electrodes that are fabricated using
gold and conventional micro-fabrication technology. We have also discussed the steps
involved in preparing sample of viable and non-viable yeast cells. Followed are the test

results that are obtained in trapping of both the cell populations.

Chapter 5. elaborates the fabrication of carbon electrodes. The principal component. i.e
the microelectrodes, were constructed via screen printing process. The fabrication of
DEP device entirely of glass is discussed in detail. The biocompatibility of the

conductive carbon ink is also tested.

Finally conclusion for all experimental work is given in Chapter 6 with scope for future

work.
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Chapter 1

Introduction

1.1 General Introduction

Nature around us exemplifies itself with constitution of problems of extremities and in
providing their amazing simple solution. For example, when too many nutrients are
available in the sea, phytoplanktons may grow out of control and can cause harmful
algal blooms. These blooms can produce extremely toxic compounds that have harmful
effect on fishes, mammals, and even humans. Also, rapid plankton growth in sea water
is a sign of excess carbon dioxide loading. Difficulty to this extreme has a simple
solution i.e. the sea creatures like shrimps, snails, and jellyfish act as filter feeders
which means that they feed by filtering the planktons out of the water through slits in
their membranes. This helps in maintaining a balance in the ecosystem. Let us take
another very interesting example from human body that is of kidneys which acts as a
natural dialyzing organ in the body and helps in filtering toxins and waste from the
bloodstream. As shown in Figure 1.1, the dirty blood enters the kidneys through renal
artery (red in colour, as shown in Figure 1.1) and passes through the structure of the
kidneys called as superfilters or nephrons where the waste products and excess water is
separated from the blood stream. After filtration, the pure blood with only the essential
nutrients is send back to the body through renal vein (blue in colour, as shown in

Figure 1.1) and the waste is sent out from the Kidneys through ureter tubes.

This function of the kidneys is vital to life because the blood that enters the kidney has a
great variety of materials in it. Some minerals are essential to human life, while others
are harmful to life. If the harmful elements remain in blood, they would cause illness or
even death. Blood passing through the kidneys is dialyzed to separate essential
compounds from harmful compounds. But, sometimes a person’s Kidney may be
damaged by disease or physical injury and they are no longer able to dialyze blood
properly. In this case, we try to mimic natural dialyzing mechanism using artificial
means i.e. by using a dialyzing machine. This helps a person to live a little longer. In
nature also, many compounds and elements aren’t found in their pure form, but are found

as part of mixtures. However, scientific research in cellular and molecular biology as
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functions on a single chip of only few millimeters to centimeter in size. This is the Lab-
on-a-chip (LOC) concept. and is often indicated as Micro Total analysis system (uTAS)
as well. Recently, as nanotechnology progresses. research in LOC systems is extended
towards fluid handling of nanoparticles as single-walled carbon nanotubes (SWNTs),

proteins. DNA and virus [3]-[6].

Today cell manipulation instruments are prevalent in all facilities that deal with
biological samples (biosamples). However, even the most advanced laboratory today is
still depended on large and expensive instruments that deal with biosamples in bulk.
Macroscale cell manipulations have some very prohibitive disadvantages for example,
dealing with large sample size requires large and expensive testing instruments that only
a few laboratories can afford and also it requires large sample size which is a limitation
when dealing with biological fluids. Therefore, the automation of miniaturized

instruments will mean a boon to health network.

As one of the earliest applications of microfluidic devices. separation, manipulation and
deposition of cells and particles with small size differences, constantly attract great
research interest in analytical chemistry. Various strategies based on different principles
are employed. for example, mechanical (filters [7] ., micropipettes etc). magnetical [8],
optical [9] and electrical (electro-osmosis, electrophoresis, dielectrophoresis) [10]
separation methods. Each method has its own advantages and disadvantages and is
therefore suitable for certain application field. Traditional cell separation methods that
include using filters, micropipettes and centrifuges are dependent on size and density of
the cells. These types of separation methods are often associated with some
disadvantages, such as low precision, separation for a long time, complicate to operate
and a larger effect on cell activity. Other separation methods like electrophoresis,
fluorescence and magnetic activated cell sorting, requires the cells to be charged or
modified with some magnetic and fluorescent material. Attachments on the cell produced
in the preprocessing of separation are difficult to be removed and greatly influence the
cell activity. In addition, the complex operations can only be completed by some
sofisticated equipments such as hydrocyclone and flow cytometry instrument, which
make it expensive and inaccessible. There are two commonly implemented
methodologies amongst the electrical systems that can be incorporated in microfluidics

devices. The most common one is known as electrophoresis, that uses electric fields to



Introduction

control the motions of charged particles and the other is known as dielectrophoresis
(DEP), that utilizes non-uniform electric fields to manipulate self polarizable particles. In
this work. we have focused our research on DEP associated microfluidic systems. There
are several advantages associated when DEP is used for particle manipulations. First of
all. DEP utilizes non-uniform electric field to manipulate self-polarized particles:
therefore, particles require no prior treatments before performing any investigations.
Second, DEP forces are precisely controlied using applied electric fields that can be
adjusted by tuning the amplitudes. frequencies and phases of the applied electric
potentials and enables accurate controlling of particles. Also. the magnitudes and
directions of DEP forces, which are related to the particles properties, are suitable to be
employed for manipulating particles in varying applications, such as sorting and
trapping. In addition, DEP-microfluidic systems are low cost experimental platforms that

can be conveniently fabricated.

Interestingly. DEP device miniaturization has been beneficial in improving the
effectiveness of DEP. Devices with microscale electrodes allows for production of more
pronounced non-uniform electric fields. Since, high fields can be generated by use of low
voltage power supplies instead of high voltage power supplies, safety is improved. The
sheer size of early DEP devices having machined electrodes produced appreciable
heating, particularly in aqueous solutions, due to the high voltages needed to accomplish

dielectrophoresis [11].

The thesis will begin by discussing the basic principles of DEP, and why it is the
manipulation method best suited for the cell clinics chip. Various electrode geometries
used for performing Dielectrophoresis will also be discussed. Finally, we will conclude
the introduction by giving a brief motivation for undertaking this study. In this
dissertation, each chapter begins with a literature review that frames the work relevant to

that chapter; therefore this will not be included in the introduction as it is typically done.

1.2  Dielectrophoresis

The term Dielectrophoresis originated from the word Electrophoresis, but does not
require a particle to be charged. DEP is a separation phenomenun in which particles are
segregated or separated according to their interaction with a non-uniform electric field. A

non-uniform electric field is generated by using electrodes of appropriate geometry or by
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placing insulating posts between the pair of electrodes. Unlike electrophoresis where
only dc voltages are used, either an ac signal or a dc voltage can be employed in DEP to
distinguish different particles in a sample. By changing the frequency of the applied
signal, a dipole moment is induced in a particle and causes the particle to experience a
positive dielectrophoretic movement or a negative dielectrophoretic movement and
thereby allowing it to move into a region of high potential or low potential respectively.
The term DEP was first used to describe the motion of particles in non-uniform fields by
Pohl [12]. Some initial devices used by Pohl to generate the non-uniform electric fields
were fabricated by placing a wire in the center of a glass tube in which another wire was
wrapped along the inner wall of the glass tube [13]. These devices required high
potentials and were limited to analysis of particles 1um in diameter or larger due to joule

heating effects which led to brownian movement that countered DEP force [11].

DEP is an established technique for particle manipulation. Although first demonstrated
in the 1950s. it was not until the development of miniaturization techniques in the
1990s that DEP became a popular research field. The 1990s saw an abundance of DEP
publications using microfabricated metal electrode arrays to sort a wide variety of
cells. The concurrent development of microfluidics enabled devices for flow
management and better understanding of the interaction between hydrodynamic and

electrokinetic forces.

Several different modes of microchip based DEP exist. These modes include
focusing/trapping DEP [14]-[16], isomotive DEP [17], traveling wave DEP [18]-[21],
and DEP field-flow fractionation [22]-[24]. In this thesis we will focus on
“conventional or affinity” DEP in the microchip format: trapping of particles in devices
that utilize C-serpentine electrodes fabricated using metal and screen printed

conducting carbon paste.

1.3 Theory

A force is experienced by a particle when placed inside a non-uniform electric field
generated by the electrodes [25], [26]. This non-uniform electric field will create the
necessary imbalanced force on the suspended particle inside the microchannel. This
imbalanced force induces a dipole moment inside the particle, which can be used to

move or manipulate a particle as long as the electric field is non-homogeneous.
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However, if the electric field is uniform, a dipole moment will be induced in the particle
but it will not move because the force experienced on the opposite sides of the particle
will be exactly identical. Charged particles too will experience a dipole and will move to
their respective pole if the frequency of the applied potential is at or near zero, but will
otherwise oscillate along with the applied frequency [27]). For conventional DEP, the
DEP force experienced by a particle inside a non-uniform electric field can be

approximated by Equation (1.1). [28]:

3 o2
Faep =27 €mRKIVE" (1.1)

where a is the radius of the particle, E,,,; is the root mean square applied electric field,
€, is the permittivity of the medium. Equation (1.1) implies that the DEP force depends

on a variety of parameters, such as particle size, the permittivities and conductivities of
the particle and suspending medium, and the spatial non-uniformity of the electric field.

R,[K] is the real component of Clausius-Mossotti factor (CM) which is represented as :-

&, — gm

[k]=1—= (1.2)

£, +2¢,
where &, and &, are the complex permittivity's of particle and medium respectively

defined in equation (1.3) and (1.4)

s,,=£,,—jz (1.3)
£, =&, = o (1.4)
[

where g, and o, are the conductivity of the particle and the medium respectively, and
w is the angular frequency of the applied electric field. Moreover, the CM factor plays
an important role in the DEP force, which represents the dielectric properties of the
DEP environment from the contribution of the particle and suspending medium. It also
shows that the DEP effect depends on the frequency of external electric fields, which is
considered to be an excellent feature of this phenomenon. If the particle is more
polarizable than the suspending medium (Re[K(w)] > 0), then the particle is pushed
towards the region of strong electric field, and such a motion is termed positive DEP
(p-DEP). In contrast, if the suspending medium is more polarizable than the particle

(Re[K(w)] < 0), then the motion of the particle is away from the region of strong
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electric field, which is called negative DEP (n-DEP). A useful solution for Re[K]

which illustrates its dependency on applied field is given as [28].

-£, 3e,0,-£,0,)
2 2.2
Yl+e°r-,)

£
Re[k]=—L +
e, +2, 1 (0,+20

(1.5)

m

where 7,y is the Maxwell-Wagner charge relaxation time and it is given as [28)

£,+8,
T, =| = (1.6)

o,+20,

The CM factor expressed as equation (1.2) is valid only for homogeneous spherical
particles. The frequency dependence of the DEP force is shown by investigating the CM
factor of a homogeneous spherical particle; that is, Equation (1.2). The factor can vary

from —0.5 (i.e g, << £) to +1 (i.e & >> &), which means a positive DEP force can be

twice as strong as a negative DEP force. Moreover, at low and high frequency limits, the

CM factor is reduced to the following forms, respectively:

K(wy=—£2_m for @ —0 (1.7)
optlom

K(w)=—£2—=m for 0 — oo (1.8)
Sp + 2&'m

Therefore, at low frequencies, the DEP force depends on the conductive properties of
the particle and the suspending medium, while the permittivity values govern the DEP
effect at high frequencies. At intermediate frequencies, both the dielectric and
conductive properties of the particle and suspending medium determine the magnitude
and polarity of the DEP force. The particle’s DEP response may be varied by changing
the frequency of the applied electric fields: at a range of frequencies, the particle
experiences a positive DEP, while it exhibits a negative DEP response in another range
of frequencies. The point where the response switches from p-DEP to n-DEP, or from
n-DEP to p-DEP, is called the crossover frequency. At this frequency, the complex
permittivity of the particle is equal to that of suspending medium, and the DEP force
will be zero (Re[K(w)] = 0). The shift of the crossover frequency can be achieved by

changing the permittivity and conductivity of the particle and suspending medium.
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Determination of the type of dielectrophoretic moment a particle will experience, can be
accomplished by calculating Re{K(w)] using Equation (1.5). The real portion of the CM
factor will dictate whether the dielectrophoretic force on a particle will be positive or
negative. The CM factor is frequency dependent because it is determined from the
frequency dependent complex permittivities of the particle and the medium [26], [29].
[30]. As such, by constructing a plot of the real component of the CM factor as a
function of frequency it is possible to estimate the frequency ranges in which a particle
will exhibit positive DEP and negative DEP. Careful selection of the suspending medium
(and more specifically its conductivity) can be used to increase the selectivity in
discriminating between different analytes as stated in the CM factor. The effects of
conductivity of the medium have been studied by several researchers [31}-[36]. Green
and Morgan observed these behaviors for the study of latex spheres [31]. Huang and
Pethig showed that by altering the conductivity of the solution and maintaining other
conditions constant it was possible to cause a change in the DEP behavior of yeast cells
[32]. Also, a detailed study by Pethig in 2016 [37], summarizes his analysis on DEP

progress in various application fields since 2000-2016.

In brief, the DEP force on a particle suspended in a dielectric medium depends on the
effective polarisability of the particle. a value which is related to the difference between
the complex permittivities of the particle and the suspending medium. The effective
polarisability can be either positive or negative so that the resulting force is either
towards high field regions or towards low field regions respectively. The polarization of
a sphere in an electric field and the difference between positive and negative DEP are
shown schematically in Figure 1.2. If a particle with polarization greater than that of
medium is placed in a uniform electric field as shown in Figure 1.2(al), there is no net
movement because the forces on the charges in the dipole tends to balance each other as
they are equal and opposite. However if the same particle is placed in a non-uniform
electric field as shown in Figure 1.2(a2), the particle will move towards a high electric
field area showcasing p-DEP behavior as there is an imbalance in the force on the
charges in a dipole. Similarly, if a particle with polarization less than that of medium is
placed in a uniform electric field as shown in Figure 1.2(b1), there is no net movement
because the forces on the charges in the dipole tends to balance each other as they are
equal and opposite. However if the same particle is placed in a non-uniform electric field

as shown in Figure 1.2(b2), the particle will move towards a low electric field area
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1.4 Dielectrophoretic Microfluidic Devices

The non-uniform electric field required to build up the DEP effect is generated by either
the electrode or electrodeless i.e insulator based DEP devices. In case of insulator DEP. the
non-uniformity is created by means of the specially designed structures inside the
microchannel such as hurdles or obstacles. Besides embedding insulating obstacles in a
straight microchannel, a variety of curved microchannels have also been used to
manipulate particles. Xuan's group developed a serpentine channel. where the electric field
becomes non-uniform at each U-turn, with the maximum and minimum values obtained at
the inner and outer corner, respectively. This design has been used to: focus polystyrene
particles [39], [40] and cells [41]; to separate polystyrene particles based on size [42], [43]
and dielectrophoretic response [40); and to separate yeast cells from E. coli [41] and
polystyrene particles [42] Consequently, dielectrophoretic microdevices with different
configurations and structures of microelectrodes and insulators have been successfully
used to manipulate and separate particles. Since there are no electrodes inside the device,
therefore these devices are robust, chemically inert and very simple in terms of fabrication
[44). However, these devices require a high voltage supply to generate sufficient DEP
force which may lead to serious Joule heating effects inside the channel. On the other
hand, electrode based DEP devices, do not require high driving voltage since the electric
field is produced by electrodes that are embedded inside the microchannel. The electrode
based DEP has been reported to manipulate and isolate colorectal cancer HCT116 cells
from the mixture with human embryonic kidney 293 HEK293 and E. coli cells [45], to
isolate and separate human cancer cells [46]. trapping and sorting of tobacco mosaic virus
(TMV) and herpes simplex virus (HSV) [I5], trapping cells and silica beads [47],
immobilization of lamda-DNA molecules [48], concentrating embryonic stem cells (ESCs)
[49]), sorting nano-[50] and microparticles [51], clones of mouse melanoma B16F10 cells
[52], separating cancer éells from blood [53] [54] separating dormant Mycobacterium

smegmatis from live and dead M. smegmatis [55] have also been reported.

1.5 Motivation

As discussed in the previous section, from last few decades the technique of
Dielectrophoresis have been investigated with various methods and are reported in
literature. The DEP devices employing metal electrodes to generate non-uniform electric

field have been explored widely. The fabrication of these metal electrodes requires a
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complicated and an expensive technique of electroplating, that often restricts the yield
and results in more expensive devices. The prime reason for advancing attempts in
fabricating metal electrodes DEP devices is because the metal patterning technology is
fully matured and developed in the area of MEMS. However, the high fabrication cost
cannot contribute to the mass production of disposable chips. Therefore, recently the
interest has been expressed in Carbon-MEMS technique in order to fabricate cost

effective DEP devices that are also disposable.

For fabrication of carbon electrodes various carbon precursors are used. Carbonizable
polymers are widely available and high-quality ones are typically much less expensive than
metals such as gold and platinum used in thin film metal electrode fabrication. The polymer
can be shaped using any suitable low cost technique such as photolithography, CNC
(computer numerical control) machining, moulding and embossing. No expensive and
complex equipment such as metal evaporators or metal sputters are required. In addition,
while working with bio-particles, fouling of the metal electrodes (i.e. sample electrolysis)
may distort the operation of AC-DEP devices. One of the possible solutions is to employ
carbon electrode because carbon has a much wider electrochemical stability window than
metals commonly used in thin film electrode fabrication such as gold and platinum, and
affords higher applied voltages in a given solution without electrolyzing it. Besides, the use
of carbon electrodes yields other advantages including excellent biocompatibility,
mechanical properties and chemical inertness in almost all solvents/electrolytes. There is
growing literature on the subject but interestingly there had been few attempts made towards
fabricating carbon electrodes with other techniques except pyrolysis or C-MEMS. In our
opinion, however, C-MEMS is still complicated and time-consuming in terms of operation
conditions. Another alternative way to fabricate carbon electrodes needs to be exploited

urgently. This quest had been the guiding factor for the present work.

The available literature though contain volumes on use of carbon electrodes fabricated
by pyrolysis of negative resist, few attempts have been made towards the realization of
3D carbon structures using screen printing technique. Towards this intent, we present a
comprehensive review in Chapter 2 and frame specific problem statements. In Chapter 3,
device modeling is presented. In Chapter 4 we present fabrication and investigation on

efficiency of gold DEP device for cell trapping. In Chapter 5, we have given the
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fabrication details of carbon based DEP device along with its testing. Finally in

Chapter 6 we give conclusions and scope for future work.
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Chapter 2

Literature Review

2.1 General Introduction

The potential of the DEP phenomenon for cell separation has been discussed in the
previous chapter. Researchers have often investigated the dielectrophoretic
identification and separation methods (DEP) since Pohl introduced this
phenomenon in the 1950s [1]. The main reasons that have made DEP one of the
long lasting cell characterization and separation methods are: (i) DEP preserves the
viability, cultivability, genetic and phenotypic properties of the cells [2]; (ii) DEP
employs the intrinsic dielectric properties of the cells [3]; (iii) DEP is contact-free
and low cost [4]. However, implementation of a dielectrophoretic force on a sample
requires a non-uniform electric field that creates volumes of different electric field
magnitudes across the sample where particles can be selectively positioned
according to their dielectric phenotype and different experimental parameters. This
non uniform electric field is generated by the electrodes. Therefore, electrodes form

the heart of any DEP device.

Various 2D and 3D electrodes geometries for application in DEP have been reported
in literature. So far, metals and carbon have been the most reported material for
forming electrodes in various DEP devices. This chapter discusses in detail various
2D and 3D metal and carbon electrode configuration available in literature. A
hierarchical classification of various electrode configurations discussed in this
chapter is shown in Figure 2.1. This chapter aims to provide a clear and concise
understanding of DEP and highlighting the aspects relevant to the current study
related to these materials. This review provides an overview of the state-of-the-art of
different 2D and 3D electrode structures used in various dielectrophoretic
microdevices aimed based on the extensive literature review which is presented in the

following section.
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Suzuki et al in 2004 [16]. fabricated 2D micropatterns of microparticles on a
non conductive glass support using n-DEP. The advantages of using DEP for patterning
are that prepatterning of the substrates is unnecessary and the assembly of microparticles,
including biological cells, occurs rapidly. To avoided the disintegration of particles when
AC field is removed he introduced the use of crosslinking agents where the patterned
microparticles were covalently bound. In his succeeding work in 2007 [17] he introduced
the use of conductive Indium Tin Oxide layer at the bottom that creates various electric
field gradients. The present procedure is substantially simple, rapid, and highly
reproducible method for fabrication of particle arrays unlike SAM (Self-assembled
monolayer). Also here they suggested the use of cross-linker, succinimidyl 4-(p-
maleimidophenyl)-butyrate (SMPB) to avoid aggregation of particles and a random
reaction between the activated substrate and particles, causing a degradation of the

patterning precision unlike the previous study.

Sjoberg in 2005 [18], used DEP to concentrate few live bacterial cells into an extremely
small volume of 400 pl in the fabricated microdevice followed by impedance
measurement of microbial activity. This effectively increases the cell concentration close
to the impedance electrodes without increasing the number of cells, thus eliminating the
need to amplify the bacterial population by long culture enrichment, and reducing the
total assay time. Lagally et al [19], integrated continuous flow with electrokinetic
technology for rapidly increasing the concentration of bacteria integrated with genetic
analysis. To define a chamber volume around a set of microelectrodes the device uses
PDMS microvalves. By closing the microvalves after trapping bacterial cells in the
sample, the volume is greatly reduced and therefore it enhances the locally detectable
concentration of genetic material. The microsystem utilizes an optical molecular beacon
to lyse the bacteria and to conduct rapid sequence-specific hybridization to detect the
presence of 16S ribosomal RNA from Escherichia coli cells. This work is the first of its

kind that persues on-chip concentration followed by direct, on-chip genetic detection.

Yang et al in 2006 [20], developed a novel multifunctional device for selective capturing
of Listeria monocytogenes using oxide covered Pt electrodes. The devices couples DEP
with antibody recognition to capture only the target cells. They achieved 90% trapping of
cells when 20 Vp-p and 1 MHz signal was applied, indicating the effectiveness of DEP
in trapping foodborne pathogenic bacterial cells. Gadish et al [21] fabricated a particle
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microconcentrator based on DEP and chaotic mixer. This microconcentrator was used to
concentrate beads and B.subtilis spores. It was observed that the chaotic mixer increased
the capture efficiency significantly by suitably arranging the groves in the mixer and

using optimal interdigitated electrode geometry.

Li et al in 2007 [22], proposed a device prototype for DEP based continuous cell sorting and
purification of live and dead yeast cells. The device had three distinct regions for cell
focusing, separation and cell collection. Under isomotive DEP field conditions, they
observed and quantified the p-DEP and n-DEP motion and deflections of yeast cells in
different regions of the frequency. Crews et al [23], developed an equation to calculate
the electric gradient term above interdigitated electrodes, which is a function of the width
and gaps of the electrode, the applied voltage and the height above the electrode surface.
By understanding the effect that the dimensions of the electrodes have on DEP force,
micro-fluidic devices can be designed to produce the most effective dielectrophoretic

effect on the biological samples.

In 2008 Park et al [24], proposed a theoretical model to predict the AC electrokinetic
motion of microparticles, which were validated by parametric experiments of colloid
particles, including polystyrene and gold particles, and C. sporogenes bacterial spores,
with interdigitated electrodes. Vykoukal et al [25] proposed a dielectrophoretic
microseparator with a flex interdigitated electrode array to enrich stem cells from
enzyme-digested adipose tissue, which was fabricated using a novel, scalable and low-

cost hybrid flex-circuit method.

Mernier and group in 2009 [26] were the first to fabricate a device integrating both cell
sorting and counting abilities, based on DEP and coulter counting technique respectively.
The combination of these two methods allowed sorting and determination of the
percentage of living and dead cells for viability studies of cell samples. Park et al [27],
developed a novel negative DEP based microfluidic device for trapping colloidal
particles from high-conductivity media. The electrodes consist of interdigitated positive
and negative electrodes with repeated patterns of square blocks. An electric potential
well is created inside these patterns isolated by strong electric field between the positive
and negative electrodes, this enabled trapping of cells at specific attachment sites.
Negative DEP trapping of latex spheres was investigated using solution of different

conductivities.
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Henning et al in 2010 {28], determined the dielectrophoretic properties of DNA by
measuring the capacitance change between the interdigitated electrodes. This method
allowed an uncomplicated, automatic acquisition of the dielectrophoretic properties of

submicroscopic objects without the need for labeling protocols or optical accessibility.

In 2011 Giraud et al [29], demonstrated for the first time the DEP collection and
repulsion of subunits of E. coli rRNA using microelectrodes. The DEP responses were
measured as a function of the strength and frequency of an applied non-uniform electric
field. Using microfabricated interdigitated electrodes and the total internal reflection
fluorescence microscopy technique, positive and negative DEP behavior of rRNA

subunits was observed.

Narayanan Unni et al in 2012 [30], demonstrated the trapping and characterization of
Cryptosporidium and Giardia cells using a microfluidic experimental setup. The two
cells used in the study vary in shape as Cryptosporidium is spherical and Giardia cells
are spheroidal. In this study, the experimental setup is based on the integration of
microfluidics within a microfabricated electrode set, with potentially easy integration

into lab-on-a-chip systems.

A new DEP method to estimate the cell dielectric properties by measuring capture
voltage spectrum where the DEP force and Stokes drag force are balanced was
introduced by Wu et al in 2013 [31]. Dielectric properties of less explored colon cancer
cells were measured experimentally under different medium conductivities. It was
observed that, cell interior permittivity and conductivity are insensitive to the change of
medium conductivity. Shin et al [32][33], used DEP for the isolation of different cancer
cells under panel NCI-60 cells by allowing continuous-flow sorting of cells to achieve
throughputs >10° nucleated cells/min. The authors were the first to detail all the
operational stages of a continuous flow DEP field flow fractionation system that is

capable of processing 10 ml clinical specimens in less than 1 hr.

In 2014, Zhang et al [34] proposed a novel idea of DEP inertial microfluidics. The device
had interdigitated electrodes patterned on glass slide and square serpentine channel in
PDMS. The device used vertical DEP force to levitate particles in equilibrium position to

the channel centre. The proposed hybrid device possesses the advantages of both DEP

24



Literature Review

and inertial microfluidic devices, working in a high-throughput manner as well as having

precise controllability in real-time.

In 2017, Alazzam et al [35], introduced a novel electrode arrangement with interdigitated
electrodes that protruded slightly into the separation chamber creating strong electric field
along one of the sidewall. The author is the first to report the continuous separation of
cancer cells from normal blood cells using this particular arrangement of electrodes. Also
the separation of cells occurs in lateral direction and is therefore independent of gravity.
making the separation quick and easy. The effectiveness of the proposed microfluidic
device in separating viable cells is demonstrated using a mixture of green fluorescent
protein labeled MDAMB-231 cancer cells and normal blood cells. Separation of MDA-
MB-231 was performed at an applied AC signal of 15 Vp-p and 40 kHz. The separation
accuracy and purity were found to be 100% and around 81 * 6.2%, respectively. Wang et
al [36]), detailed the design and implementation of bacteria impedance detection
microsystem that is integrated with enrichment system on a microfluidic chip with
microelectrodes, an impedance detection circuit, a signal control and a éonduct circuit and
related software. The device demonstrated pDEP enrichment of E.coli cells and it’s in situ
impedance detection. Sadeghian et al [37] elaborated a microfluidic actuator with gold
interdigitated electrode patterns to separate white blood cells (k562-cells) from polystyrene
particles. They performed an optimization by using COMSOL Multiphysics 5, and
according to their results, geometric parameters such as pitch, width to pitch ratio, and
channel height are important because the gradient of the generated electric field depends
on these factors. Efficiency of recovery was 93% with 100% of purity at 7.5 Vp-p and 800
MHz. It was concluded that in their interdigitated electrode array the electrodes-pitch
should be as close as possible. The channel must have a minimum height, and the voltage

should be as high as possible but avoiding cell damage to achieve cell separation.

In 2018, Adams et al [38], reported the separation of neural stem and progenitor cells
based on its capacitance using three different DEP based microfluidics devices. Among the
three electrode configuration large capacity electrode array with interdigitated gold

electrode provided higher throughput and better enrichment potential.
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the bottom wall. On application of ac signal, the resulting DEP force, influence the rate
of elution of cells from the chamber. For tumor to normal cell ratios as low as 1:3x10°
efficient removal of cancer cells from normal cells was observed. Later in 2002 [43].
they applied DEP for the isolation of malaria infected cells from blood using a low
conductivity suspension medium. To manipulate cells, DEP forces were typically
produced by applying alternating (AC) electric fields of 10 kHz to 100 MHz and 5Vp-p.
Green et al [44], was the first to report the separation of population of nanoparticles into
two subpopulations on the basis of their dielectric properties. The results indicate that
carboxylate modified latex spheres experienced p-DEP under 20 MHz range and n-DEP
above 20 MHz range when 1Vp-p AC signal is applied. Later in 1998 [45], Green and
group was the first to report the separation of submicrometre particles of two different

sizes by a combination of dielectrophoretic and electrohydrodynamic forces.

In 1999 Morgan et al [46], reported the separation of submicron particles like latex
spheres and viruses according to their dielectric properties. It has been demonstrated that
with an appropriate electrode array and a suitable electric field and frequency. separation

of particles can be accomplished.

Ramadan et al in 2006 [47], reported DNA isolation by simultaneous cell lysis and
trapping by electroporation and DEP respectively. The same lysis electrode pattern has
been used for trapping silica beads that are known to bind selectively to DNA. Also to
avoid common issues like cell lysate clogging, cell-cell agglomeration, and cell
sedimentation the authors adopted the use of continuous flow. Rajaraman et al [48]
reported four fabrication technologies to make low cost DEP devices that can be used for
manipulation, separation and enrichment of particles, nanowires and microorganisms. All
the techniques proposed are simple, rapid and inexpensive with minimum use of clean

room facility making use of titanium as adhesion promoter and gold as electrode layer.

In 2007, Tai et al [49], reported a biochip capable of cell separation and nucleus
collection utilizing DEP forces in a microfluidic system comprising of micropumps and
microvalves, operating in an automatic format. The device had castellated goid
electrodes and was operated at 15Vp-p and 16 MHz frequency. Experimental data show
that viable and non-viable cells (human lung cancer cell, A549-luc-C8) can be
successfully separated and collected using the developed microfluidic platform. The

separation accuracy, depending on the DEP operating mode used, of the viable and non-
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viable cells are measured to be 84 and 81%, respectively. In addition, after cell lysis, the

nucleus can be also collected using a similar scheme.

In 2008 Choi et al [50], proposed a new oocyte selection method based on DEP as an
objective criterion. Under the applied ac biased condition. a particular group of oocytes
that showed movement had a better developmental potential than the group of oocytes
that stayed, representing a higher rate of blastocyst formation. These results demonstrate
that the difference in dielectrophoretic velocity can be used to establish an objective

criterion for the selection of oocytes.

In 2009, Zhang et al {51], employed DEP for the separation of nano and micro structures
i.e multi walled CNT’s and polystyrene microparticles in stationary liquid. MWCNT"s
were successfully separated from polystyrene microparticles for frequencies over 100
kHz, also the particle behaviour at different frequencies were characterized and analyzed.
Yasukawa et al [52], proposed a novel way of separation by DEP to control the position
of microparticles within the fluid flow based on its size and utilizing castellated
microelectrode array with different width and gaps. Separation of the fluid stream of two
particles where the 3pm-diameter particles were seen flowing through the narrow
castellation gap and 10um-diameter particles were flowing through wider gap on

application of 20 Vp-p and 2 MHz AC signal.

Sabuncu et al in 2010 [53], explored the ability of DEP to differentiate between two
malignant cells of the same origin, which differ from each other by small changes in
their melanin content. The study showed that the difference in the melanin content of
these clones is most likely responsible for the differences in their crossover frequency.
Zhu et al [54], performed DEP experiments to separate dormant cells from active and
dead Mycobacterium smegmatis bacterial cells. Cells were selectively concentrated onto
the submerged electrode array and the UV absorbance of the cell suspension was
measured giving insight as to what cells are being selectively removed. Suehiro et al.
[55] utilized the DEP-trapped CNTs as gas sensors to detect NO, and NHi. They also
trapped E. coli on a microelectrode by the help of multiwalled CNTs attached to the end

of the microelectrodes.

In 2012 Agarwal et al [56], described the application of p-DEP in the formation of
embryoid bodies (i.e 3D aggregates of pluripotent stem cells). DEP offers advantage
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over natural aggregation methods by guiding cells to a predefined location, both short
and long distance cells can be manipulated, and easy device control. The results indicate
significantly faster embryoid body formation than conventional culture-based methods.

which typically takes 2-3 days.

In 2014, Du et al [57], presented a novel method i.e DEP stretching. that exploits DEP to
cause deformation in healthy human red blood cells and malaria infected red blood cells.
By determining the DEP force versus deformation (i.e stretch ratio) at different
frequencies, the authors were able to distinguish between healthy and unhealthy cells in
the suspension. Nouse et al [S8] reported the use of castellated electrode arrays based on
a microfluidic DEP-assisted cell sorting (DACS) to differentiated and enriched the stem

cells by applying different frequencies.

Hallfors et al in 2016 [59] reported a similar kind of work as that of Du et al in 2014
except that here the DEP force versus deformation is studied at different applied
voltages. The force induced through DEP acts against the elastic force of the cell,
causing lengthening and slimming of the cell. The change in dimensions due to
deformation under DEP is measured under a microscope, and when compared to DEP

force applied. can provide useful information about the mechanical properties of cell.

Chen et al in 2018 [60], designed a microfluidics platform integrated with DEP trap and
fluorescence observation for trapping of S.oneidensis cells. PDMS passivation layers
with holes for varying sizes and castellated gold electrode array aided trapping of

different quantity and length of bacteria in holes.

2.2.1.4 Polynomial electrodes

Polynomial electrodes are a set of four electrodes that produce a quadrupole geometry
where the electrodes are offset by 180 degrees as illustrated in Figure 2.5. In parabolic
geometries, the potential gradient expands radially from the center of the device towards
the electrode surface. Some of the work that utilize polynomial electrode geometry are

discussed below:

Polynomial electrode design was first introduced by Huang et al in 1991 [61]. They

demonstrated that the particles can be directed into the central location, and slightly
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generates high electric fields along the edges of the electrode, and a low electric field
at the center. Therefore, an HSV-1 experiencing n-DEP is trapped at the center of the

electrode array, while TMV experiencing p-DEP is collected at the electrode edge.

Tsukahara et al in 2000 [66], studied the behavior of single polystyrene-carboxylate
microparticles and polystyrene microparticles using polynomial microelectrodes. The
DEP motion of polystyrene particles was studied in different acidic medium i.e HCI,
KCl. KOH, tetrabutylammonium chloride. They found out that the migration velocity
of polystyrene particles is enhanced for the p-DEP under acidic conditions. In their
succeeding work in 2003, Tsukahara and group [67] extended the DEP study from
single polystyrene microparticles to microbioparticles such as yeast cells and DNA
molecules. They concluded that the DEP force is exerted not on the intrinsic volume
of the particle. but on the total volume including the intrinsic volume and the volume
of the dynamic diffusion cloud formed around charged particles. Green et al [68]
reported sub-micrometre particle dynamics under the influence of dielectrophoretic
and electrohydrodynamic forces. They reported that charge double layer effects are
most important in low conductivity media typically at frequencies in the low kHz
range where they can cause a p-DEP force to be exerted on a particle of otherwise

low polarisability.

In 2002, Ratanachoo et al [69], studied the time and dose response of human
leukemia cells in response to various toxicants that changes the cell morphology and
physiology significantly. The method uses the measurement of the DEP cross-over
frequency vs. the conductivity of the suspending medium to deduce the cell dielectric
properties. Changes in cross-over frequency are indicative not only of the specific
cellular responses to drug or chemical agent exposures but also of the ability of

microscale DEP methods to detect such exposures.

In 2003, Asokan et al [70], demonstrated two dimensional manipulation of proteins
using DEP trapping technique. They reported that actin filaments of length greater
than 1 pm can be successfully trapped at high electric field areas with field strengths
of 1.5 x 10° V/m.

In 2004, Zheng et al [71] used polynomial electrode geometry fabricated for
positioning of DNA and proteins on a chip by DEP. There’s was the first group to

measure, the conductance of DNA and proteins trapped between two electrodes using
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DEP by in situ monitoring the impedance change of the DNA and protein solutions in

both solution and dry states.

Du et al in 2008 [72]. demonstrated that the use of the present quadrupole electrode
design to achieve superfast and long-range trapping of DNA molecules with ac fields.
The trapping is the result of collaborative effects of AC electroosmotic flow focusing,
dipolar attraction between polarized DNA molecules, and DEP. Beck et al [73],
presented the ability to rapidly detect individual bacterial spores via electrical
measurements. The magnitude of the electrical response when an individual spore
enters a gap between two planar microelectrodes is used to discriminate between
different Bacillus species. Measurement of the electrical response of individual
spores provides a way to discriminate between different bacterial spores that can be

used in conjunction with additional separation and identification methods.

In 2009. Jang et al [74] reported the use of alternating current electrothermal effect
induced flow and n-DEP force for guiding and trapping of single particle.
Manipulation of particle motion using AC electrothermal flow to target trap is
modeled numerically. Manipulation and trapping of the latex beads and HeLa cells in
physiological media was demonstrated in the diagonal, vertical, and horizontal
directions and the particle velocities were analyzed. It was observed that velocities

increase with increasing distance from the electrodes and higher applied voltages.

In 2011 Chung et al [75), presented a simple, and sensitive method to detect the
antibiotic susceptibility of E. coli via measuring the changes in the DEP behavior and
the elongation rate caused by the antibiotic treatment. The dielectric properties and
shapes of bacteria, which are drug sensitive, are changed by treating with different
antibiotics concentration; thus, the viability of bacteria can be distinguished. The
DEP approach was used to observe the change in dielectric properties of bacteria
after the antibiotic treatment and to fix bacteria on the focal plane for scaling

analysis.

In 2016, Tanaka et al [76] was the first to report the use of dielectrophoresis to
manipulate the single- particle passage through a solid-state pore in transverse
direction. The solid state pore consisted of four Pt electrode which creates a trap field
when supplied with AC voltage. It was anticipated that the transverse field effects

can be strengthened by using a low salt concentration solution that provides more
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experience transverse DEP force that depends on particle size. Larger particles are
deflected more than smaller particles, and consequently, particles suspensions are
separated by size into different transverse positions as they flow down the length of the
device. It was concluded that reduction in the electrode spacing and channel height
would make it possible to generate stronger electric field gradients and separate mixtures

of smaller particles with good efficiency.

In 2007 Fatoyinbo et al [80], described the use of DEP for isolating and concentrating
bacterial spores in a solution containing diesel particulate matter. They reported the use
of gold interdigitated electrodes that were angled at 45° to the flow. The results show
99% removal of diesel particulate matter from bacterial spores by retaining particle

matter on the electrodes by p-DEP.

Kim et al in 2008 [81], for the first time proposed a novel approach to specifically label
multiple cells with unique synthetic dielectrophoretic tags i.e polystyrene beads of
different diameter that modulate the complex permittivities of the labeled cells, allowing
them to be sorted with high purity using DEP. The DEP chip employed microfabricated
gold angled electrodes to create the necessary repulsive force inside the channel. The
results demonstrate approximate 1000-fold enrichment of multiple bacterial target cell
types in a single-pass separation. Pommer et al [82], used DEP phenomenon to separate
platelets from whole blood in a continuous flow. Cytometry analysis revealed that a
single pass through the device yields a high purity of platelets approx 95%. Vahey and
Voldman [83] demonstrated the first implementation of microfluidic equilibrium
separation method using Isodielectric separation, for sorting cells based upon electrically
distinguishable phenotypes. DEP is used to force cell to a point in the conductivity
gradient where the net polarization charges is zero. Isodielectric separation offers many
advantages as the device is continuous-flow. capable of parallel separations of multiple
subpopulations from a heterogeneous background, and label-free method. Han et al [84],
presented a continuous flow dielectrophoretic separator for laterally separating red and
white blood cells. They reported the fabrication of converging and diverging electrode
design to perform separation. Experimental results showed that the divergent type of
microseparator can continuously separate out 87% of the RBCs and 92.1% of the WBCs
from dilute whole blood. While the convergent type of microseparator could separate out
93.6% of the RBCs and 76.9% of the WBCs.
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Alazzam et al in 2011 [85], was the first to propose a method for continuous flow
separation of circulating malignant cells from blood using deflector DEP and
interdigitated comb electrodes. Malignant cells were separated from the blood to a
daughter channel using two pairs of Cr interdigitated comb electrodes that were
positioned convergent and divergent to the flow force that raises the separation speed.
Kuczenski et al [86], utilized pairs of angled microelectrodes to continuous flow and
separate E. coli cells from RBC. The results illustrate that the device is capable of a five-
fold larger microbe concentration in the target analyte stream compared to the waste

stream at a continuous sample flow rate of 35 pl/h.

In 2013 Yang et al [87], successfully manipulated and isolated prostate cancer cells from
colorectal cancer cells. Prostate cells were deflected to the side channel by n-DEP and
were therefore got separated. The separation chip was made using transparent acrylic
plastic substrates with a pair of indium tin oxide thin film electrodes that were angled at
45°n the bottom surface. DEP spectra of the prostate cancer cell and the colorectal
cancer cell were measured in media with different conductivity. Effect of parameters
such as flow rate and applied voltage has been investigated as well. Similar kind of work
using same electrode design was reported by Alshareef et al [88] for separating breast

cancer cells from colorectal cancer cells.

Song et al in 2015 [89], fabricated and presented a continuous flow microfluidic device
for sorting of stem cells and osteoblast cells. The device had oblique interdigitated
electrode array spanning the entire channel with an inclined angle of 45° with respect to
flow direction. Experimental results with stem cells and osteoblasts were carried out at
different flow rates, and clear separation of the two populations was achieved. Collection
efficiency up to 92% and 67% for stem cells and osteoblasts, respectively, along with

purity up to 84% and 87% was obtained.

2.2.1.6 Other planar designs

Few other electrode configuration as shown in Figure 2.7, like curved, triangular, dot and
trapezoidal electrode configurations have also been reported by few researchers and are

discussed in detail below:

In 1998 Cheng et al [90], for the first time reported the use of DEP for separation of

cervical carcinoma cells from normal blood cells using an array of addressable electrode
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Gray et al in 2004 [93], presented a novel microfabricated device to actively trap
thousands of single mammalian cells in alignment with a planar microelectrode array of
gold. Cell confinement to the electrodes was accomplished by aligning a pattern of cell-
adhesive regions with the electrode array, surrounded by a non-adhesive coating. Thus,
after trapping with DEP, cells attached to the adhesive pattern and remained aligned to

the electrodes. The proposed device achieved cell registration efficiency of 70+1%.

In 2005 Doh et al [94] fabricated a high throughput continuous cell separation chip that
worked on the phenomenon of hydrodynamic DEP. The device uses three asymmetric
electrodes to generate DEP force. Mixture of live and dead yeast cells was continuously
separated by applying an AC signal of 8 Vp-p and frequency ranging from 1 kHz to 10
MHz. The purity of the separated viable and nonviable yeast cells has been measured in
the range of 95.9-97.3 and 64.5-74.3%, respectively, at the mixture flow-rates of 0.1—
1ul/min. Nieuwenhuis et al [95), fabricated an efficient DEP particle sorter. Four
different sorter configurations with triangular electrodes were realized in chips based on
silicon, glass, and SU-8 technology. Both experimental and simulation results
demonstrate that with the optimized sorter configurations very high performance gains of
+200%. Holzel et al [96], demonstrated the trapping of single protein molecule by using
an array of sharp triangular nanoelectrodes to create very strong electric field gradient.
Trapping of the protein molecule was observed on applying sinusoidal signal of 10 Vrms
and 1 MHz. Choi et al [97], for the first time proposed the use of planar trapezoidal
electrode array for DEP particle separation and analysis by n-DEP. The work studies the
effect of flow rate on focusing performance, the electrode number on separation

performance, and separation of beads.

In 2009 Khoshmanesh et al [98], developed a device for performing dielectrophoretic
manipulation of particles using novel curved electrodes that formed a funnel. This
geometry gradually introduces the DEP field to the particle flow and hence avoiding
turbulent shock. The channel is fabricated from PDMS and the pair of five curved
electrodes made of gold is on the glass substrate The performance of the system was
assessed with microspheres of 1, 5 and 12 mm in diameters. In his series of work in 2010
[99], the authors modified the curved channel by changing the width of the microchannel
to 600pm from 1000pm that was used in the previous study. Smaller width

microchannel, decreased the volume of the redundant sections of the micro- channel,
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which in turn increased the performance of the system by allowing particles to

experience DEP forces more efficiently.

In 2010, Koklu et al [100], fabricated a microfluidic device for capturing bacterial spores
and polystyrene particles from high conductivity media. They utilized an interdigitated
array of planar square electrode design fabricated onto glass slide with PDMS layer on
top. On application of ac signal of 10 Vp-p and 10 MHz frequency, polystyrene beads
experienced n-DEP and got trapped in shallow chambers in the centre of each square

electrode.

Young et al in 2012 [101], fabricated a device for single cell lysis using electro-osmotic
flow and DEP force. Electro-osmotic flow was used to drive the cell to the specific area
while varying the frequency (1 Hz-1 MHz) lead to lysis of the cells. The electrode for
cell lysis is a triangular palladium (Pd) electrode with a sharp tip fabricated onto a glass
substrate. On application of 15 V and 400 kHz cell lysis was observed. The overall

successful rate of cell tracking, positioning, and lysis was 80%.

In 2013 Yafouz et al [102] described the microarray dot electrode, a promising electrode
geometry to characterize and manipulate cells via DEP. The protocol for fabricating
planar microelectrodes using photolithography has also been described to demonstrate

that it is a fast and cost-effective process.

In 2018, Chen et al [103], developed a microfluidic chip integrated with DEP technique,
hole array structures and fluorescence to trap, detect and count S.oneidensis multi cells.
The gold coplanar microelectrode array was fabricated on glass substrate along with a
micro hole array layer, and the microfluidic channel was made in PDMS. The results
demonstrate that the amount of bacteria correlated with the hole sizes. The microfluidic

platform provided a rapid and effective bacteria trap and cell level measurements.
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and more stable particle movements. In his succeeding work in 2007 Chen et al [108]
used the pair of top and bottom electrode pair, but the electrodes used were now open
ended (i.e the top or bottom electrode do not touch the opposite microchannel wall). The
separation of the particles was achieved by taking advantages of their differences in
traveling velocities in the flow under the effects of the DEP and hydrodynamic forces.
The particles running along the flow will exhibit two types of movements: penetrating
the barrier or moving along the electrode edges, depending on the relative strength of the
DEP force and hydrodynamics force on the particles. The proposed 3D electrode
configuration overcomes the problems encountered in the planar electrodes such as
particle adhesion at walls. Grom et al [109]. successfully demonstrated the trapping of
Hepatitis-A particles by means of a combination of electrohydrodynamic flow and
dielectrophoretic forces. The microsystem consisted of a pair of polynomial electrodes of
platinum, with each set on upper and lower half’s of the microfluidic channel such that it

formed a field cage structure

In 2007, Cheng et al [110] reported for the first time an integrated 3D DEP chip for
continuous filtering, focusing, sorting, trapping and detection of bacteria using 3D DEP
forces and surface enhanced raman scattering. The 3D electrode produce gates that utilize
different n-DEP mobilities of the bacteria and other particles in a high-conductivity buffer
to manipulate them within the channel. Yasukawas et al [111] proposed new
immunosensing method and reported the development of an integrated microfluidic system
for immunoassays using antibody-modified polystyrene particles. The system used a caged
area surrounded by n-DEP generated electric barriers that capture microparticles modified
with anti mouse immunoglobulins. The model system described demonstrated that the n-

DEP device allows a full immunoassay to be completed in 40 min.

In 2012 Imasato et al [112], reported the separation of leukemia cells from blood using
DEP. For performing experiments they have considered two types of electrode location,
“flooring electrodes™ and “ceiling electrodes”. The results show that the abnormal cells
may be detected by using the magnitude difference of the DEP forces. Leukocytes were
separated from erythrocytes by DEP at 60 MHz, 10 Vp-p and leukemia cells were
separated from the normal leukocytes (Mononuclear) at 37 kHz, 14 Vp-p.

Li et al in 2013 [113] proposed an integrated array consisting of three units: a funnel-

shaped focusing unit, a straight aligning unit, and a crescent-shaped trapping unit, which
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was used to concentrate different-sized polystyrene microparticles and yeast cells,
separate polystyrene particles based on size, and separate 5 pm polystyrene particles
from yeast cells based on dielectric properties. The authors present the threshold voltages
required for successfully trapping varying-sized particles, along with the effects of
applied voltage and flow rate on the cell-trapping efficiency. Li et al [114], investigated
the integration of hydrodynamic, DC electroosmotic, DC electrophoretic, and AC
dielectrophoretic forces in microchannels and developed a high-throughput Lab-on-a-
chip device. The proposed device allows the integration of trapping, release and
separation functions and operates in several channels in parallel. The device was tested
for capturing polystyrene particle, yeast cells, and E-coli, and also for separation of live
and dead yeast cells. Hamada et al [115], proposed a device for simultaneous
concentration and detection of bacteria. The device uses a set of planar gold electrodes
first to concentrate cells by n-DEP followed by its detection using p-DEP. Yunus et al
[116], fabricated a device for continuous flow through separation of colloidal particles.
For particle separation an innovative design for a double-sided aligned electrode array is
presented. The electrodes were fabrication onto a pyrex glass substrate with platinum as

electrode material. They were able to achieve separation efficiency of 99.9% of latex

spheres.

2.2.2.2 Extruded electrodes

DEP with top-bottom electrodes helps in improving the trapping efficiency, but the
alignment and bonding of the top and bottom electrodes is difficult. This has prevented
many DEP techniques from adapting this configuration. Employing extruded
microelectrodes as shown in Figure 2.10 (reported by Voldman [117]) is another method
to improve the particle manipulation efficiency. Extruded electrodes unlike the planar
ones cover more height of the microchannel. This arrangement of electrode increases the
volume where particles experience a strong DEP effect. Some of the work using this

configuration is discussed in detail below:

In Voldman et al in 2002 [117] and 2003 [118], demonstrated the dielctrophoretic
trapping of beads using microfabricated gold posts excited in a quadrupolar fashion
fabricated on glass substrate. The extruded electrode structures were designed in such a
way that they can strongly hold particles against flow. The results show the greatly

increased strength of the new trap i.e 100 times as compared to the planar trap. In the
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the set of electrodes energized. Experimental results for switching biological cells

and polystyrene microbeads to multiple outlets (up to 5) have been achieved.

DEP separation of cells in microfluidic channel by dual frequency coupling using the
same geometry [123] has been reported by Wang et al in 2009 [126]. Cetin et al [127].
presented a novel device for the continuous separation of 5 and 10um latex particles and
yeast cells from white blood cells. The DEP device had two asymmetric electrodes
embedded along the channel wall to generate a non-uniform electrical field in the y-

direction.

In 2010 Lewpiriyawong et al [128] developed a PDMS based microfluidic device for
continuous sorting and separation of microparticles by size using AC DEP with 3D
conducting PDMS composites as sidewall electrodes. The composite was synthesized by
mixing silver powders with PDMS gel. The capability of PDMS-based microfluidic
device was demonstrated for continuously sorting and separating 10 and 15 pm, and 5
from 10 pum particles respectively. In their succeeding work in 2011, Lewpiriyawong et
al [129] demonstrated the use of 3D conducting PDMS composite side wall electrode for
the separation of live yeast and bacterial cells from similar-size latex particles as well as
live yeast cells from dead yeast cells. The separation efficiency of 97% was achieved in

all cases.

2.3 Carbon Electrodes

Most of the work in DEP relies on the use of metal microelectrodes contained in a
flow channel to induce non-uniform electric field [130]. However, 3D metal electrodes
were able to increase the throughput of the DEP device by extending the electric field
along the channel height but there are still some issues that need to be addressed. The use
of metal microelectrodes in direct contact with the sample severely restricts the
magnitude of the applied voltages as one must prevent sample electrolysis.
Unfortunately, the fabrication of 3D metal electrodes quickly turns complicated and
expensive as it typically requires the use of metal electroplating which often limits the
yield and results in more expensive devices. In order to overcome the above mentioned

issues, 3D carbon electrodes have recently been used in DEP devices.

The carbon micro/nano electromechanical systems techniques is one of the most cost

effective methods for fabrication of high aspect ratio carbon structures. Carbon
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microstructures originated thousands of years ago when the first attempt of making
charcoal succeeded. As early as 1970s. an attempt has been reported on pyrolysis of
carbon polymer precursors like polyacrylonitrile. polyimide and phenol formaldehyde
that resulted in amorphous carbon structures. For applications involving direct contact of
the electrodes with the sample solution. carbon electrodes have an edge over metal
electrodes. For example, the possibility of sample electrolysis is reduced because carbon
has a much larger electrochemical stability window [131], [132] than metals. Carbon
when compared to the commonly used metals in thin film electrode fabrication such as
gold and platinum affords higher applied voltages in a given solution without
electrolyzing it [133]. This fact only applies when comparing bare materials, and
improvements have been reported to metal electrodes to maximize performance. Few
authors have also detailed the use of hydrogel coated metal electrodes [134], [135]. Such
hydrogel coatings can be applied to any electrode material and not only to metals and
could bring a significant improvement to the field in general. It is also observed that the
properties of carbon electrodes are very similar to glassy carbon [136]. The use of carbon
electrodes also have other advantages like: (a) excellent biocompatibility [137)-[139],
(b) chemically very inert in almost all solutes/electrolytes [140], (¢) excellent mechanical
properties [141]. and (d) low fouling rate [142](143], (e) resistant to corrosive
environment. Also some efforts have already been reported to remove or reduce fouling
problems that are associated with carbon electrodes in many electrochemical experiments
[144]. Recently 3D form of carbon that is metallic and stable under ambient pressure and

temperature conditions has also been discovered [145].

Carbon microstructures are fabricated by using a well known Carbon MEMS (C-MEMS)
or resist pyrolysis technique. The section below details the C-MEMS process along with

its contribution in the field of DEP.
2.3.1 C-MEMS

C-MEMS or carbonization [139] refers to a fabrication technique where glass-like
carbon is obtained by converting microstructure to nanostructures that have been
patterned using photolithography, molding, embossing or any other suitable patterning

technique, followed by its pyrolysis in an inert atmosphere.
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the structure isometric, it is necessary to heat the structure below its glass transition

temperature [147].

A lot of work has been done towards fabricating and characterizing 2D films and carbon
structures in various applications. Some of them are discussed in chronological order

below:

Kim et al in 1998 [148]. presented that carbon film electrodes prepared at temperatures
greater than or equal to 700°C showed electrochemical behavior similar to that of glassy
carbon. Ranganathan et al in 2000 [136] studied the effects of various atmosphere on the
shrinkage of positive resist films. The results show that the extend of the shrinkage
depends upon the oxygen content in the furnace. Singh et al in 2002 [149] fabricated
carbon structures using negative photoresist (SU-8 and photosensitive polyimide) and
compared those with the structures formed by positive photoresist (AZ4330). Park et al
in 2005 [150] discussed about the electrical characteristics and shrinkage of various
thickness (1.5-25um) carbon films derived from SU-8 and AZ P4620, at different
temperatures (600-1000°C). NAKA et al in 2005 [151] presented the design and
fabrication of pyrolyzed polymers (photosensitive polyimide) micro bridge structures as
a typical MEMS structure used for sensor and actuator. They also formed thin films of
electron beam resist (SAL-601 SR-2, Rohm & Hass), and studied the change in its
thickness and resistivity, further he also detailed the fabrication of an array of micro
pillars using pyrolyzed Parylene-C. Burckel et al in 2009 [152] reported a robust
fabrication method to create lithographically defined porous pyrolyzed carbon electrodes
(from negative resist NR-7) and characterized the electrochemical properties of metal
nanoparticles on these electrodes. Sharma et al in 2010 [153] demonstrated a novel and
facile method for micro-fabrication of a variety of surface patterns and sub-surface
micro-structures, such as channels, in carbon by employing micro-molding of an aqueous
resorcinol-formaldehyde (RF) gel, followed by its drying and pyrolysis under optimized
conditions to ensure isotropic shrinkage and minimal pattern distortion and cracking.
Min Jin et al in 2011 [154] presented a facile and effective route to develope a supported
pyrolysis method that employed a coating of Silica shell on SU-8 structures. The Silica
shell on the SU-8 structures provided effective mechanical support to resist pattern
distortion or collapse during subsequent large mass loss at high temperature. The carbon

electrodes so obtained had sufficiently high conductivity so that they can be used as
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parameters and the heating conditions. a variety of complex 3D C-MEMS structures by
resist pyrolysis at 900°C in forming gas environment, a high-aspect C-MEMS posts and
also suspended carbon wires, bridges. plates, and self-organized posts (carbon flowers)

and ribbons (networks). were fabricated.

In 2008. Duarte et al [157]. presented the fluid-dynamic and electromagnetic
characterization of an array of 3D electrodes to be used in high throughput and high
efficiency carbon DEP device. Finite Element Analysis (FEA) was conducted to model
flow velocity and electric fields established by polarized high aspect ratio carbon
cylinders, and planar carbon connecting leads, immersed in a water-based medium. SU-8
posts (130um high and 50um diameter) were fabricated in a two-step photolithography
sequence and were then carbonized by pyrolysis at 900°C in nitrogen/forming gas
environment leading to carbon structure array with features 60um high post electrodes.
Experimental results show continuous enrichment of viable yeast by p-DEP focusing.
Another novel research work has been reported by Duarte et al [158), where a high
throughput multi-stage. multi-frequency filter and separation device based on carbon
DEP is presented. Two carbon arrays of 20x5 electrode, each made by pyrolysing SU-8.
Carbon posts are 70 pm high with 25 pm in diameter. Microchannel of 600 pm width
and 100 um high has been fabricated using pressure sensitive double sided tape. First
array trapped viable yeast cells when energized with 10 Vp-p and 5 MHz, while the
second array trapped non-viable cells when energized with 500 kHz signal. Lee et al
[159), presented two methods for fabricating multi-level 3D SU-8 microstructures. First
technique involves a combination of multiple coating and exposures, whereas second
method involved a dose modulation technique to control cross-linking thicknesses.
Freestyle, freestanding carbon microstructures were fabricated by heating 3D SU-8
microstructures between 600-1000°C in a nitrogen atmosphere. Carbon structures from

positive resist AZ 9260 were also fabricated and compared to those of SU-8.

In 2010. Jaramillo et al [160] used 3D carbon-electrode DEP chip to trap and release
bacterial cells. The carbon electrodes were made using SU-8 as polymer precursor and
was heat treated at 900°C in nitrogen/forming gas environment. The flow through
channel (with cross section 600-mm wide and 100-mm height) was cut from pressure-
sensitive double-sided adhesive and adhered to a piece of drilled polycarbonate. The

channel is then aligned around the carbon electrode array and sealed against the
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silicon/silicon dioxide substrate using a mechanical press. Carbon posts on interdigitated
fingers when actuated with a sinusoidal signal of 10 Vp-p and frequencies ranging from
100 kHz to 30 MHz showed trapping of E.coli cells. Another interesting and novel
research in the field of C-MEMS was reported by Duarte et al [161] [162] where 3D
carbon electrodes were integrated with CD based centrifugal platform. SU-8 was used as
polymer precursor and was pyrolysed at 900°C in inert environment to yield carbon.
Two different heights (40-70pm) of carbon electrodes are uséd in this study. The CD
based centrifugal platform was used to implement a DEP-enabled active filter to trap
particles of interest. They studied the impact of electrode height, DEP chip misalignment
and particle sedimentation on filter efficiency. The propose method offers advantages in

terms of footprint. cost. robustness and practicality.

In 2011 Duarte et al [156], presented the fabrication of carbon electrodes on a transparent
fused silica substrate. The use of a transparent substrate greatly improves the versatility
of carbon-DEP devices and makes them more amenable for integration with other
systems. also it is significantly cheaper than other high-temperature transparent materials
such as sapphire. SU-8 was used as polymer precursor for carbon and was heat treated at
900°C in environment of nitrogen. The fabricated electrodes were then used for
applications like particle positioning, high-throughput filtering and cell focusing using

p-DEP.

In their succeeding work in 2012, Duarte et al [163], detailed different fabrication
techniques that can boost the development of practical DEP devices to be used in
different settings such as clinical cell sorting and infection diagnosis, industrial food
safety, and enrichment of particle populations for drug development. Microfabrication of
DEP devices has been critically reviewed in this work in terms of complexity, cost, and

throughput.

In 2013, Jaramillo et al [164], presented the use of carbon electrode DEP system, in
removing PCR inhibitors from a sample. They reported the capturing of viable yeast
cells present in natural samples, purify them from any contaminants and finally recover
them from the carbon-DEP chip. 3D carbon posts were obtained by pyrolysis of SU-8 at
900°C in nitrogen atmosphere. The height of the electrodes is 90+10 um while the
diameter of the electrodes and the spacing between them is 58 um. The total number of

electrodes in the array is 2730. Fluidic network is build using pressure sensitive double
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sided tape. The use of frequencies between 5 and 10 MHz and 20 Vp-p maximizes the
amount of cells trapped. When frequencies below 2 MHz were used, large numbers of
cells were washed out from the chip thus reducing yield. Duarte et al [165] was the first
to report that carbon electrodes can be used for the manipulation and trapping of
biomolecules such as DNA. SU-8 precursor structure was fabricated on a transparent
fused silica substrate and then carbonized by heating to 900°C in nitrogen atmosphere.
The geometry consisted of an array of planar interdigitated fingers connected to large
connection pads; 3D electrodes were fabricated on top of each of the interdigitated
fingers. They also compared the numerical and experimental results quantitatively and

observed that the simulation results thus correlate well with the experimental results.

Another interesting and novel research in the field of C-MEMS was reported again by
Duarte et al in 2014 [166]. detailed the application of carbon electrodes as an active filter
for trapping and purification of selected particles. The electrodes made by pyrolysing
SU-8 pillars that were made on SU-8 interdigitated fingers and carbonizing them at
900°C in nitrogen environment. However the microfluidic channel was fabricated out of
pressure sensitive double sided adhesive and aligning it to the channel inlet and outlet
that were drilled in polycarbonate. They also proposed a multi-stage carbon DEP device,
with five different sets of electrode array embedded in the channel. Each of the five sets
of electrodes have different shapes, sizes and gaps in between them and can be polarized
individually. Such system could significantly decrease the cost and time of common
diagnostic assays in clinical and environmental applications. Elitas et al [167], used 3D
carbon-electrode arrays for DEP-based separation of intact cells from damaged cells, and
also reported the procedure to purify intact cells from cultures of Mycobacterium
smegmatis treated with isoniazid, an anti-tuberculosis drug. Glass-like carbon electrodes
were manufactured on a transparent fused silica substrate by pyrolysis of SU-8 structures
at 900°C in nitrogen/forming gas environment. The array, of up to 2730 posts, features
an intercalated geometry. Electrode dimensions in the devices were: 50 um diameter by
100 um height. A microfluidic channel, was fabricated in double-sided pressure-sensitive
adhesive and polycarbonate, is then manually positioned around the electrode array.
Electric fields with frequencies between 1 and 10 MHz induce a p-DEP behavior on the
intact M. smegmatis cells, thus attracting them to the surfaces of the electrodes. The use

of frequencies less than 500 kHz leads to strong n-DEP forces, as a result of which the
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bacteria are repelled by the electrodes and they accumulate in the weak electric field

regions.

Pilloni et al in 2016 [168), proposed a novel design which utilizes individually
addressable planar and 3D carbon micro electrodes produced by the pyrolysis (at 900°C
in nitrogen) of a common photoresist SU-8. The electrodes were demonstrated to
manipulate the particles in 3D space by using DEP force. Islam et al [169]. performed
DEP enrichment of yeast cells using carbon electrodes. Carbon post microelectrodes on
intercalated rows were prepared by pyrolysing SU-8 at 1000°C in nitrogen environment,
and the flow channel was made from double sided pressure sensitive aligned to the
electrode array. An enrichment of 154.2+23.7 times was achieved when the sample flow
rate was 10 pl/min and the cells were suspended in low electrically conductive media
that maximizes DEP trapping. The experimental trapping efficiency was found to be
close to 100% for the cell concentration 10°~10" cells/ml. Further Islam et al (170],
reported that upon increasing the flow rate up to 30 pl/min, the enrichment dropped
down to 18.4%4 folds due to the increase of drag force, though the enriched concentration
around 10" cells/ml was achieved. Davila et al [171], proposed the use of square wave to
improve the trapping efficiency of 3D carbon based DEP devices. Computational
modeling was performed to calculate the DEP force generated by both square and sine
signal waveforms and the trapping efficiency was then determined experimentally. The
DEP device was fabricated by pyrolysing SU-8 posts at 1000°C and then sealed with
pressure sensitive double sided tape to form flow channel. The carbon electrode array
features posts of 50 pm diameter and 100 pm height. Experimental results show that the
trapping efficiency using square signals is as much as double as that obtained when using
sinusoidal signals. Duarte et al [172], presented a detailed review highlighting the
challenges in the field of carbon based DEP. The use of 3D electrodes over more
traditional planar ones is emphasized as a way to increase the throughput of DEP

devices.

In 2017, Yiltizhan et al [173], reported the dielectrophoretic separation and
characterization of live and dead monocytes using 3D carbon-electrodes. Carbon
electrodes were prepared by two-step photolithography process of SU-8 photoresist on a
silicon wafer. Microelectrodes were carbonized by heat treatment to 1000°C in a

nitrogen atmosphere. The 3D carbon-DEP chip has 218 intercalated rows of electrodes
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In the screen printing technique [175], a paste or an ink is pressed onto a substrate
through openings on a screen with required mesh size as shown in Figure 2.14. The paste
consists of a mixture of material of interest, an organic binder and a solvent. The organic
vehicle determines the flow property of the paste. The bonding agent provides adhesion
of particles to one another and to the substrate. The active particles make the ink a
conductor, a resistor or an insulator. The pattern in the screen emulsion is transferred
onto the substrate by forcing paste through the mass openings with the squeegee. In the
first step. paste in put down on the screen. then the squeegee lowers and pushes the
screen onto a substrate, forcing the paste through the openings in the screen during its
horizontal motion. During the last step, the screen snaps back, the thick film paste which
adheres between the screening frame and the substrate shears, and the printed pattern is
formed on the substrate. The resolution of the process depends on the openings in the
screen and the nature of the pastes. For difficult to print pastes, a shadow mask may
compliment the process, such as a metal foil with openings. However the resolution of
this method is very inferior. Finally after printing the wet print is allowed to dry, this
removes the solvent from the paste. Currently, synthetic threads are commonly used in
the screen printing process. The most popular mesh in general use is made of polyester.
There are special use mesh materials of nylon and stainless steel available to the screen

printer. There are also different types of mesh size which will determine the outcome and

look of the finished design on the material.

Although not new, having being in existence for over many years, it is only in the last
few years or so that Screen printing technology have found use in printing carbon
electrode for microfluidics applications like DEP [176], and electrochemical biosensors
(177]. Some of the innovative work utilizing screen printing technology in this field of

DEP is discussed below:

Zhu et al in 2015 [178], fabricated a microfluidic chip via inexpensive screen printing
method. Carbon paste, instead of metals, was used to print interdigitated electrodes
which were constructed by layer-by-layer screen printing process. The commercial
carbon paste (ED 423SS, ACHESON, USA) was first printed on clean glass surface
to form interdigitated carbon electrodes of three different configurations via a semi-
automatic screen printer and a 400 mesh stencil. After curing at 130°C for 10 min to

harden carbon paste, UV curable dielectric paste (YB-1300) was repeatedly printed
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and exposed to UV light for 5 min to form micro-fluidic channels. The depth of the
channels was controlled at ca.50 um. Finally, a PDMS polymer film with inlet and
outlet ports was exposed to Oz plasma, pressed on the top of the microfluidic
channels and then heated in an oven at 80°C for lh. To demonstrate its
dielectrophoretic separation performance, yeast cells, were trapped and separated
from a mixed suspension with polystyrene microspheres. The resuits show that high
capture rate and separation efficiency (94-96%) can be achieved under optimized

conditions.

The limitation offered by the device proposed by Zhu et al in 2015 was the long
exposure time of cells of interest to the high electric field gradient and high fluid-shear
force imposed on cells, leading to the decrease in cell viability. Therefore Lin et al in
2016 [179]. improved the DEP device by screen-printing 3D sidewall electrodes so as to
realize continuous-flow cell and particle sorting and separation and thus enhance the cell
viability dramatically by reducing their exposure time to the electric field. Also, they
proposed and validated a semi-empirical formula to simplify the complicated calculation
and plotting of DEP spectra. Carbon electrodes were fabricated by screen printing carbon
paste (ED423SS) onto a glass substrate. After heating at 130°C for 10 min to cure the
carbon electrodes, UV curable dielectric paste (YB-1300) was printed using another
stencil and then exposed to UV light for 5 min to form the microchannel. The thickness
of channels and electrodes were controlled at ca. 25-30um. Finally, a flat
polydimethylsiloxane (PDMS) layer with an inlet port and three outlet ports was sealed
onto the glass slide using O, plasma. The performance of a screen-printed continuous
flow microfluidic DEP device was evaluated using a suspension containing polystyrene
(PS) microspheres and erythrocytes is used as the biosample. The results show that a

high sorting efficiency (93%) can be achieved.

A pie chart representation of different 3D electrode geometries is shown in Figure 2.15.
The pie chart shows the percentage contribution of each of the electrode geometry in the
field of DEP. It is inferred from our study that the pyrolysed carbon electrodes have been
widely explored as it constitutes 42% of the total pie chart. While, the fabrication of 3D
carbon structures using screen printing technique is the least investigated in the field of

DEP.
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investigated in literature. Therefore. in this research work. we are proposing the use of

carbon as an electrode material for cell tapping using DEP technique.

2. Different electrode designs e.g. inter-digited, castellated, angular, polynomial etc have
been proposed and discussed in literature. We have done a comprehensive study on
various electrode designs and found that these designs are often associated with issues
like stagnation regions and locally amplified electric field gradient points due to sharp
turns, making it more sensitive to contamination and cell damage. Therefore. an
electrode design free from the above mentioned issues needs to be investigated.

Proposed Solution- A simple curved or C-serpentine shaped design in which the non-
uniform electric field is extended throughout the channel will provide a better protection
against cell damage and stagnation regions. Therefore C-serpentine structure that serves

both as electrode and microchannel wall is proposed in this study.

3. For various MEMS devices, gold has always been a material of choice because of its
fully grown fabrication technology and its biocompatibility. From the literature review,
it was found that the gold electrode based DEP device with serpentine design has not
been investigated exhaustively.

Proposed Solution- The present study aims to show a detailed fabrication of simple C-
serpentine structure and it's testing for dielectrophoretic cell trapping. Also, the
performance of the fabricated gold electrode based DEP device is compared with that of

fabricated carbon electrode DEP device.

4. Carbon is also a widely used material in microfluidic area which is less investigated in
literature for DEP applications. The fabrication of carbon DEP devices compare
advantageously with metallization because it does not require high vacuum, expensive
metal and expensive infrastructure. One of the commonly reported methods to fabricate
carbon electrodes is by photoresist pyrolysis at 900-1100°C. However, the pyrolyzation
method used for fabricating carbon structures is a long process, requires high
temperature and is associated with an inevitable phenomenon of polymer shrinkage. The
shrinkage of the precursor structure during pyrolysis is an important challenge in C-DEP,
because it reduces the mechanical stability of the electrodes and also widens the gap
between them.

Proposed Solution- Stenciling a conductive material on to a substrate could prove to be

a more straightforward solution or an easy alternative to pyrolysis process. So, we
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propose the use of screen printed carbon electrode with serpentine design for cell
trapping in our study. In addition, we have proposed, the sealing of carbon DEP device
using glass, instead of PDMS, which not only reduce the leakage problem but also

improves the device performance.

Based on the existing knowledge and gaps in research, following objectives were

designed:

I. Simulation study of various electrode schemes to conclude about the most appropriate
design.

2. Fabrication and testing of gold electrode DEP device for cell trapping.

3. Fabrication of screen printed carbon electrode for DEP devices.

4. Comparative study on trapping efficiency of both gold and carbon electrode devices.

2.5 Organization of the Thesis

Dielectrophoresis (DEP) has become a vital tool for cell manipulation and
characterization due to its non-invasiveness. It is very useful in the trend towards point-
of-care systems. Currently, most efforts are focused on using DEP in biomedical
applications, such as the spatial manipulation of cells, the selective separation or
enrichment of target cells, high-throughput molecular screening, biosensors and
immunoassays. A significant amount of research on DEP has produced a wide range of
microelectrode configurations. Much literature has concluded that the use of carbon
electrodes provides more cost effective and more durable DEP devices than metal
electrodes. More efficient devices not only needs to be constructed from a low cost
material but also from inexpensive fabrication techniques. The electrodes fabricated
using screen printing of conductive carbon paste suggests a most easiest and cost

effective way to fabricate DEP devices.

In Chapter 3, we present the modeling and simulation to provide us a better
understanding of the particle behaviour in the proposed channel. Since, the heart of any
DEP device is a set of electrodes producing a high gradient electric field that drives
particles by DEP, therefore some of the commonly used electrode designs have been

simulated using COMSOL and the field gradient results have been compared.

In Chapter 4, details the fabrication of C-Serpentine electrodes that are fabricated using

gold and conventional micro-fabrication technology. We have also discussed the steps
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involved in preparing sample of viable and non-viable yeast cells. Followed are the test

results that are obtained in trapping of both the cell populations.

In Chapter 5. elaborates the fabrication of carbon electrodes. The principal component,
i.e. the microelectrodes, were constructed via screen printing process. The fabrication of
DEP device entirely of glass is discussed in detail. The biocompatibility of the

conductive carbon ink is also tested.

Finally conclusion for all experimental work is given in Chapter 6 with scope for future

work.
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Chapter 3

Dielectrophoresis Modeling

3.1 General Introduction

The research in the field of developing an integrated biological analysis system that
can perform general biological analysis, cell manipulation, cell trapping and focusing
etc is slowly inching towards a transformative and well established stage. In this
chapter. we introduce a design for continuous separation structure based on DEP
forces. The distribution of electric field in the DEP device was simulated using
COMSOL Multiphysics software. A comparative simulation study of various
electrode geometries present in literature is reported. We first conceived an idea of
fabricating circular microchannel, but because of certain fabrication issues (detailed
in Appendix-Il) the structure was modified to C-serpentine. Simulation results for
electric field gradient distribution is carried out both in a circular channel as well as
in C-serpentine channel driven by AC fields. Compared with the previously reported
DEP separation devices, the C-serpentine structure achieves continuous separation
and also minimizes dead volumes. In addition, the proposed C-serpentine
microchannel is more flexible in terms of structure design, for example the
large/small radius of curvature, length etc can be optimized as well as, the channel

can even be folded to reduce the device footprint.

The modeling and simulation carried out provides understanding of the particle behavior
in the proposed channel. The ability to accurately control and manipulate micro and nano
scale particles in liquid is fundamental for many applications including biological and
medical studies, environmental protections, the development and fabrication of
micro/nano electronic and optical devices. Most of such applications involve processes
such as placing and patterning the particles into desired locations, as well as detecting
and sorting them according to their properties. The demonstrated simulation results
indicate its promising utilization for particle separation. With the promising simulation
results obtained from the models, we have also fabricated a device using conventional
photolithography techniques and screen printing technique which will be discussed in

detail in Chapter 4 and Chapter 5.
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comparison to other electrode designs had the highest value of electric field gradient,
which is also in agreement with the reported literature [7]. However the shortcoming
with this type of electrode configuration is that it is associated with stagnation regions
due to sharp turns thereby making it more sensitive to contamination and particle
adhesion. The castellated design with electrode fingers is one of the most common
designs that have been reported, which also captures particles within tooth pockets.
Using castellated electrodes, cells collected under p-DEP are held in deep and steep-
sided potential energy wells at the electrode edges, whereas under the influence of n-
DEP the cells are retained as triangular shaped aggregations in the shallow potential
energy wells. Thus, cells attracted to the electrodes by p-DEP are not easily dislodged
by flushing fluid over the electrodes. whereas those cells retained by n-DEP are readily
and selectively removed by such action. Unlike sawtooth and castellated designs, the
bell and circular geometries provides better protection against stagnation regions and
particle adhesion because of elimination of sharp turns. In circular design the two
extreme portions are wide apart making it easier to separate cells and more importantly
the stagnation regions due to sharp turns are eliminated which provides better
protection against particle adhesion. Also the value of electric field gradient as seen
from the simulation is less than sawtooth configuration but is comparable to the
castellated one which has been widely adopted in literature. In the bell shaped
electrode design the value of electric field gradient is the lowest amongst all but is
more flexible in the structural design as the curvature, width and length can be

optimized.

In a quest to achieve efficient trapping of particles, few scientists have explored and
reported the use circular geometry electrodes in literature. (Zhang et al. 2006) [8]
reported continuous electrodeless particle separation in circular channel using DC
voltage and electro-osmotic flow. Also (Jen and Chan 2011) [2] proposed concentric
circular electrodes for pre-concentration of rare cells using stepping electric field at

16Vp-p and achieved an enrichment efficiency of 75%.

Therefore it was concluded that circular geometry has an edge over other geometries
and is also not widely explored and so was found it appropriate for DEP based bio-

particle separator in our study.
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Further investigations on effect of variation in channel width () and channel height
(/) has been carried out using COMSOL. Parameters that were taken into consideration
are given in Table 3.2. These values of conductivity and permittivity were taken because

bio-particles posses wide range of conductivities and permittivity.

Table 3.2 Simulation parameters

Electrical conductivity of fluid 0.56 S/m
Relative permittivity of fluid 78
Relative permittivity of two particles 36,97
Particle density 1050 Kg/m?*
Electrical conductivity of particles 0.95,0.01 S/m
Voltage applied SV

Before doing simulations, a graph of CM factor versus frequency was plotted as shown
in Figure 3.4(b) using MATLAB coding for two sets of particles with particle
conductivity value of (SET A- 0.95, SET B- 0.01) respectively. The graph illustrates that
the particles with dotted line (i.e SET A) will have positive value of mossotti factor over
the frequency range 1 Hz-100 MHz while on the contrary, particles with continuous line
(i.e. SET B) shows negative value of mossotti factor over the same frequency range. This
was successfully verified by particle tracing simulation in COMSOL. We simulated two
sets of particles (SET-A, SET-B). It was observed from the simulation results that
particles in SET-A with conductivity value as 0.95 which had positive value of mossotti
factor, therefore experienced p-DEP and moved towards high electric field regions i.e.
towards inner peripheral electrode as shown in Figure 3.5(a). Whereas particles in SET-
B with conductivity value as 0.01 had negative value of mossotti factor and experienced
n-DEP and therefore moved towards low electric field region i.e towards outer periphery

electrode as shown in Figure 3.5(b).
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has to be calculated. The common approach to calculate the massotti factor is to apply
the double-shell spherical model [11]. As shown schematically in Figure 3.13, a cell in

this model is treated as a dielectric sphere covered by two concentric layers (i.e

cytoplasmic membrane and cell wall).

Each layer of the cell possesses different value of conductivity and permittivity, the

values of which are given in table below.

Table 3.3: The values of the radius (), electric conductivity (¢), and permittivity (¢)

for each layer of live and dead yeast cells [11]

Symbol Values
Live cells Dead cells
ri(pm) 3 2.5
6 1 (uS/cm) 140 15
€ 60 60
ry(pm) 2.78 2.25
6 2 (pS/cm) 2.5x10° 1.6
£ 6 6
r;(um) 2.772 2.242
o 3 (uS/cm) 2000 70
£ 50 50

The common approach to CM factor is by using Equation 1.1 as discussed in Chapter 1

and is also briefed below:

* *
Ecoll = Emedi
fey = _::ﬂn;—edlum_ (3.3)
£cell + 26medium
* io
£ =€ " (3.4)

where, ¢ is the complex permittivity, ¢ is the permittivity, o is the electrical conductivity

and w is the angular frequency of the AC signal.
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Since. yeast cells are double layered structures, the complex permittivity of such a cell is

computed from Equation 3.5 and Equation 3.6:

* *
Ecell = €] (3.5)

£23 =82 (3.6)

. * * * .
In the above equations, ¢, and 3 are respectively the complex permittivities of the
cell wall, membrane and the nucleus. Also r;, r; and r; are the radius of cell wall,

membrane and nucleus respectively.

The permittivity of cell was calculated using Equation 3.5 and Equation 3.6 and then
substituted in Equation 3.3 to calculate mossotti value. Values of CM factor were
calculated using MATLAB (MATLAB code is detailed in Appendix-II, present at the
back of the thesis) and is presented in Figure 3.14 and 3.15 for live and dead yeast cell
respectively. The MATLAB plot predicts the CM factor of the two types of cells
suspended in 280 mM mannitol buffer as a function of frequency. The conductivity of
the solution with live and dead cells was measured (EUTECH Instruments PC 5:10,
ph/conductivity/TDS/temp measurement) to be 70 uS/cm and 110 pS/cm respectively
at 25°C temp. The permittivity of the medium is taken as 6.9x10™*° C/(v.m), which is
for pure water at 20°C. Mainly because of the discrepancies in the value of electrical
conductivities of the cell membrane for the two types of cells, both cells respond

dissimilarly to ac electric field.
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negative CM factor till 1 MHz at 1MHz crossover frequency occurs and CM factor

becomes positive.

3.6 Conclusions

In the present chapter, we have discussed about the few commonly reported geometries
in literature and proposed a new C-serpentine design. For various geometries we have
simulated the electric field distribution and gradient of electric field to have a better
understanding of high and low field gradient regions in the channel. This aids in
estimating the p-DEP and n-DEP areas. In literature, few authors have introduced a
serpentine channel with 90° turns to focus and separate polystyrene particles, however,
the area where electric gradient can be generated is limited, that is. only within the corner
of the channel turns, while the electric field is uniform in the straight section of the
microchannel [12]-{16] Additionally, serpentine design with 90° turns is more sensitive
to contaminations or particle adhesion on the channel wall, as particles are deflected
towards the outer sidewall of the microchannel. Also, a waved microchannel for the
focusing of microparticles and cells using electrokinetic and negative DC DEP in a
continuous flow have also been proposed [17]. Compared to the serpentine channel with
90° turns, the suggested design extends the regions creating the DEP effect to the full
width of the microchannel. thereby allowing greater control over particle motion. Most
importantly, the stagnation regions and locally amplified electric field due to sharp turns
are eliminated, which provides better protection against particle adhesion to sidewalls.
However the above research work exploited the waved geometry for focusing particles
using insulator based DEP approach, where very high DC or AC biased DC fields are
used say for example an electric field of 100-500V/cm are employed. This high electric
field can greatly affect the cell viability. This drawback can be overcome by using AC
fields, because of its ability to precisely control the forces applied on the particles by the
electric field. In this thesis, we propose a C-serpentine microchannel for trapping of yeast
cells using negative AC DEP. In addition, the proposed C-serpentine microchannel is
more flexible in terms of structure design, for example the large/small radius of
curvature, length etc can be optimized depending upon the need. As proposed by us. the

channel can even be folded to reduce the device footprint.

We have also discussed MATLAB modeling of mossotti factor using two shell model of

yeast cells. This helps in determining the p-DEP, n-DEP frequency ranges and cross-over
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frequency for the cell type and medium. Also, the significance of performing the sorting
of live and dead cells is that, it allows differential cell counting for point of care
diagnosis. The existence of non-viable cells in cell suspension causes ubiquitous problem
in the biomedical field. Enrichment of viable cells can increase the accuracy of
biomedical assays as the presence of non-viable cells in the sample can lead to improper

conclusions in monitoring the effects of experimental conditions.
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Chapter 4

Dielectrophoretic Trapping with Microfabricated Gold Electrodes

4.1 General Introduction

Electrode geometry has a very crucial role to play in DEP, as they generate a non-
uniform electric field that gives rise to DEP effects. Previous electrode structures for
early DEP studies were constructed from thin metal wires, needles or plates [1][2].
However, current DEP platforms utilize advanced microfabrication technologies to
produce microelectrode arrays that are capable of generating strong DEP force with
small applied voltages [3]-[S]. Because of the availability of advanced
microfabrication techniques the electrode geometries and configurations are no
longer restricted to wires, pins and plates, infact arbitrary shapes of planar electrodes

with submicron dimensions could be fabricated.

Over the past many years, DEP devices with planar metal electrodes have dominated
the subject. Wide range of materials used for the fabrication of electrodes in various
DEP devices includes platinum, gold, silver and copper. However from literature
survey we observed that the use gold electrode in DEP devices is widely reported.
This is because the gold patterning technology is fully developed and matured in the
area of MEMS. Wang et al [6], reported the enrichment and detection of E.coli bacteria
using gold interdigitated electrodes. Gold interdigitated oblique electrodes fabricated on
pyrex glass with PDMS channel has been used for sorting of stem cells and osteoblast
cells [7]. Yafouz et al,[8] described the micro dot array with gold-coated glass
microelectrode, as a promising electrode geometry to characterize and manipulate cells
via DEP. Rajaraman et al [9] reported four fabrication technologies to make low cost
DEP devices. In all the techniques gold interdigitated array were used as an electrode to
manipulate polymer beads and tin oxide nanowires. Few authors have also reported the
use of hydrogel coated metal electrodes to bring a significant improvement in the electric

field generated [10][11].

In this chapter, we are investigating the DEP effect generated using circular and C-

serpentine microelectrodes fabricated using gold. To the best of our knowledge, circular
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and C-serpentine design has not been addressed in literature for electrode DEP.
Fabrication details for both the electrode design are discussed in this chapter. The
electrodes so fabricated are 2D electrodes with 200nm in height. and with Imm wide
and 30um high channel. Further, the DEP performance of the device was verified using
live and dead yeast cells [12]. Also, the efficiency of the fabricated device for trapping
live and dead yeast cells is calculated by measuring the untrapped cells that have flown

to the outlet.

4.2 Experimental Details

This chapter includes the detailed fabrication of the gold electrode based DEP device.
The circular and C-serpentine design (as discussed in Chapter 3) is used for fabrication
of gold electrode based DEP device. We successfully fabricated both the electrode
designs on Si substrate. However, the circular microelectrodes could not be packaged
because of some fabrication issues. The details of fabrication steps, mask design and
sealing issues that surfaced during device packaging of circular electrodes are discussed
in detail in Appendix-I1. So, the device packaging and testing could only be performed in
C-serpentine structure. Therefore, the fabrication process of only C-serpentine structure
will be discussed in this chapter under sub-section 4.2.2. The details of sample

preparation are also discussed in the sub-section 4.2.3.2

4.2.1 Mask Design

Gold electrode based DEP device includes a two mask process which is illustrated in
Figure 4.1. Mask#1 is gold electrode mask which is shown in Figure 4.1(a) whereas
Mask#2 is the mask for microchannel which is shown in Figure 4.1(b). L-Edit Layout
Editor tool is used for designing of the mask layout. In the mask layout the width of the

electrode and microchannel is 150 nm and Imm respectively.

4.2.2 Fabrication Details

The C-Serpentine design based DEP device with gold as electrode material has been
fabricated in this chapter. The fabrication includes two substrates namely silicon as
bottom substrate and glass which is the top substrate. The silicon substrate includes the
gold electrode and SU-8 microchannel, whereas the glass substrate includes the
inlet/outlet for the microchannel. SU-8 polymer is used as structural layer as well as an

adhesive layer for the DEP device. The schematic view of fabrication flow for DEP
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4.2.2.2 Thermal oxidation

The very first step for fabrication of any MEMS device is thermal oxide growth. About
1um thick oxide is grown on silicon substrate. After the HF dip, the sample were loaded
in the oxidation furnace for oxidation at 1000°C with flow of nitrogen. Initial dry
oxidation was performed for 15 min in order to realize the better contact on the interface.
Next, wet thermal oxidation was performed at same temperature for 3 hrs. Finally, dry
oxidation was performed for 15 min and the wafers were unloaded at 500°C in nitrogen
flow. The grown oxide thickness of the samples was measured using the surface
Profilometer and was found to be of =1.01um thickness as schematically shown in

Figure 4.2(al).

4.2.2.3 Gold deposition

After thermal oxidation. the wafers were loaded for gold deposition. Thermal
evaporation technique is used for deposition. The deposition was carried out with
deposition rate of 0.2 nm/s. The layer thickness was controlled by the deposition time
and by calibrated quartz crystal detector. In order to improve, the adhesion of the gold
layer a thin layer of 20 nm chrome is deposited on the silicon substrate first. Followed by

chrome deposition, a 200 nm gold layer was deposited as shown in Figure 4.2(a2).

4.2.2.4 Lithography

After gold deposition, the pattering of the gold layer is carried out. The wafer is coated
with photoresist by spin coating technique. Before coating, the wafer is dehydrated and
primed using hexamethyldisilazane (HMDS) primer at 150°C to remove the moisture and
for good adhesion of resist for 30 min. After priming, the wafer is spin coated with
positive photoresist AZ5214E at 4000 rpm for 40 sec to achieve the desired thickness of
1.2 um. After coating, the wafers are heated using hotplate at 110°C for Imin. This
process is known as prebake. After prebake, the wafer is exposed using mask aligner
(EVG) at 110 mJ/cm? with UV light to get the desired pattern. The electrode pattern is
transferred onto the substrate using an opaque mask#1, whose layout is shown in
Figure 4.1(a) Immediately, after the exposure the wafer is developed for 60 sec using
standards developer (AZ726MIF) and rinsed with DI water.

Further, the wafer is heated at 120°C for 4 min on the hotplate to remove the moisture.

This process is known as hard bake. The parameters used for pattering are given below:
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4.2.2.9 Glass dicing and drilling

After pattering of the chrome layer, the glass substrate is diced and drilled. From the
chrome pattern on the glass substrate. the drilling of inlet and outlet holes can be done at
precise location. An ultrasonic drilling is used for making inlet/outlet of the
microchannel. The drilling of full glass wafer is really challenging because it is done by
manually holding the substrate against the drill bit. And. it is observed during the drilling
process, that the full glass wafer got damaged as the drilling caused cracks followed by
the breakage of glass substrate. So, next we first diced the glass wafer along given scribe
line and then used it for ultrasonic drilling. A 38x28 mm die size was diced and used for
ultrasonic drilling. as holding and drilling a small glass wafer against the drill might
result in a crack free drilling. After many trials, we managed to drill holes on the glass

substrate safely.

An ultrasonic drilling is a subtraction manufacturing process that removes material from
the surface of a part through high frequency (<20 kHz) of a tool against the material
surface in the presence of fine abrasive particles. The fine abrasive grains of
carborundum powder are mixed with water to form slurry that is distributed across the
part and tip of the tool. A Imm diameter tip is used for making the hole in the glass
substrate. After, drilling, the glass substrate is cleaned using the piranha solution for

further use.

4.2.2.10 Bonding of both substrates

The silicon substrate with SU-8 microchannel and glass substrate with drilled input and
output ports are now ready for bonding. Adhesive bonding technique is used to make a
perfect bond between glass and silicon substrate. A thin layer of SU-8 2002 is used as an
adhesive for the bonding the two substrates. SU-8 plays the role of an adhesive layer as
well as structural layer. The bonding with SU-8 could be conducted without any

pressurizing equipment.

The drilled glass is spin coated with SU-8 2002 at 4000 rpm for 40 sec to form a thin
adhesive layer of 2 pm thickness. Initial trials were done by coating the SU-8 first on
the glass substrate, followed by it’s prebake at 70°C for 2 min and 90°C for 2 min and
then cooled down to room temperature. Then the SU-8 coated glass substrate was

brought in contact with silicon substrate to make a perfect bond. But, after the contact
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The size of yeast cells may vary significantly. depending on species and environment,
typically measuring 3-4pm in diameter, although some yeast can grow to 40 pm in size.
Yeast cells appear to be glassy or translucent in appearance but in colonies they appear
white or cream colored. Diagrammatic representation of yeast cell is shown in
Figure 4.8. A yeast cell consists of an outer cell wall followed by cell membrane or
plasma membrane and nucleus. The nucleus contains the genetic code while the cell
membrane allows gases and water to pass in and out of cell while controlling the passage

of other chemicals, and the cell wall provides rigidity to the cell to maintain cell shape.

The shapes of the yeast cells may vary from circular, spherical, oval, elliptical,
rectangular, elongated to dumb bell shaped. An important feature of these yeasts
that makes them such useful organisms for studying biological processes in humans,
is that their cells, like ours, have a nucleus containing DNA packaged into chromosomes.

Most metabolic and cellular pathways thought to occur in humans, can be studied
in yeast. Moreover, yeast chromosomes share a number of important features with

human chromosomes.

4.2.3.2 Sample preparation

The testing of fabricated DEP device is carried out using yeast cells. Two type of yeast
cells (Saccharomyces cerevisiae) viable (live) and non-viable (dead) were prepared for
the experimental work. Dry active yeast was procured from a local bakery shop. Yeast
cells were chosen because it is easily available and also not very sensitive to
contamination as other eukaryotic cell culture systems, as yeast in their own media will

outgrow most other things.

For making the yeast cells grow, first the nutrient media was prepared. An YPD (Yeast
extract, Peptone and Dextrose) media is commonly used media for growth of the yeast
cells. The YPD media contains Yeast Extract 0.3%, Peptone 1% and Dextrose 2%. All

the reagents are weighed and then mixed in 100 ml autoclaved distilled (DI) water.

Therefore for preparing 200 ml of nutrient media, 0.6 : 2 : 4gm each of the nutrient
ingredients were measured and added to 200 ml of autoclaved distilled water and
were mixed thoroughly. The nutrient media was then autoclaved at 120°C for 15-20
min, this helps in obtaining a completely sterile media as autoclaving kills all forms

of micro-organisms including spores. Now, 200 ml of this nutrient medium was then

108


















DEP with Gold Electrode

Three sets of experiments were carried out for separation of the cells. In the first set,
dead cells were injected into the microchannel, in the second set of experiment live cells
were injected, while in the third set, a mixture of both live and dead cells were injected
in the channel. This was done in order to observe the trapping frequency of both the
individual cells. Once the trapping frequency of each of the cells is known, the third set
of experiment was performed by mixing of both dead and live cells. In addition to these
three experiments, the device efficiency was also carried out using hemocytometer. For

each set of experiments, four set of trials (R1-R4) were performed.

4.4.1 Dead Cells

Freshly prepared dead cell solution with cell concentration of 2x10” cells/ml was
taken and from it 5 ml solution was drawn for performing the experiments. The
solution was loaded in syringe pump and injected into the channel with a constant
flow rate of 0.5 ml/hr. From Figure 4.15 (a) it can be observed that the cells filled the
entire channel. Now, an AC signal of 10 Vp-p was used and frequency was ramped
up from 100 kHz with the step size of 50 kHz. It was observed that at 300 kHz the
cells started to stream itself along the channel periphery as shown in Figure 4.15(b).
This indicates that the dead cells started experiencing some DEP force and therefore
got attracted towards the electrodes. The Figure 4.15 (b) below shows that the cell
stream divides and the stream of cells is seen flowing along the two electrode
peripheries. The cell streaming continued, but there was no registration of cells seen
at the periphery even after 5 min. Further, we have increased the frequency upto
1 MHz but there no trapping was observed. The possible reason of this cell not
getting trapped could be that the concentration of cells taken was high for the device
to trap the cells. Therefore in this case, either of the two remedies can be employed.
Either the voltage of the AC signal can be increased or the cell concentration can be
reduced or diluted. We first increased the voltage to 15 and then to 20 V and varied
the frequency from 1 kHz to 1 MHz, but no cell trapping was observed, instead now
a wider stream of dead cells could be seen flowing along the periphery as shown in
Figure 4.15 (c). Therefore, now the cell solution was diluted to 91x10° cells/ml by

adding more mannitol solution to it.
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4.5.1 Adding Methylene Blue Dye (MB dye)

Since the dead cells were already stained with methylene blue 0.1%, therefore they can
be pipetted in the hemocytometer without any further treatment. Whereas the live cells
are required to be mixed with MB dye first and then can be used for cell counting. A dye
(i.e MB dye) will penetrate cells that are dead but will be excluded from live ones so

both populations can be counted separately.

4.5.2 Dilution of Sample

The idea behind sample dilution is that we don’t want to have too many cells in the small
space where we are going to count (as the cells would overlap, and it will get difficult to
count them), therefore we need to have enough (at least 100) for the count to be

significant.

In case of dead cells, 10 pl of cell suspension (from the cell stock) was diluted with 10 pl
of DI water and was mixed thoroughly. From this mixture 10 pl solution was pipette
onto the hemocytometer and we observed that there were many cell clusters seen under
the microscope, which made counting difficult. So, further 10 pl of DI water was again

added, mixed and pipette onto the hemocytometer.

While in the case of live cells (from the cell stock), 10 ul of live cell suspension was
diluted with 0.2 pl of 0.1% methylene blue and 10 ul of DI water and mixed well. From
this mixture 10 pl of sample was pipette onto the hemocytometer and viewed under

microscope, to find just enough countable cells.

4.5.3 Preparing the Hemocytometer

Before loading the sample in hemocytometer, the counting chambers and the cover slip
was thoroughly cleaned with ethanol and soft tissue wipe. Now the cover slip was
placed on the cytometer and 10 pl sample solution was slowly pipetted along one edge

of the cover slip.

4.5.4 Counting Yeast Cells in the Centre Square of Cytometer

Yeast cells were counted in the centre square of hemocytometer. Out of the 25 squares,
4 squares at the corners and 1 square in the centre are counted. Also, only the cells that
are present on the side lines that are marked in red as shown in Figure 4.19 are counted

while if the cells are present on the other two side lines they are neglected. The number
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4.5.4.2 Counting input cell density in cell mixture

From the 20 ml solution of prepared cell mixture, 10 ul solution was pipette out and
mixed twice with 10 pl of DI water. This dilution helps in obtaining just enough cells
that can be counted easily in hemocytometer. Therefore the dilution factor DF for this
case is 4. Number of dead and live cells observed in five squares (position: 1-5) of

hemocytometer is given in Table 4.2:

Table 4.2: Live and dead cell count in cell mixture (input)

Position .
(hemocytometer) Live cells Dead cells
1 52 46
2 43 21
3 32 35
4 39 41
5 28 42
Sum 194 185
Total 379
Avg. no. of cells 75.8
D.F 4
Cell density 7.58x107 cells/ml

4.5.4.3 Counting dead and live cells (output)
The efficiency of the device is calculated using Equation 4.2. The efficiency for both

dead and live cell is calculated and discussed in this section.

Input(cells/ml) — Output(cells/ml) %100

Efficiency = Input(cells/ml)

(4.2)

4.5.4.3.1 Dead cells

To ensure the repeatability of the device, the experiment was repeated four times. No
dilution of output solution in case of dead cells is done. Therefore in this case, the
dilution factor is taken to be 1. With the objective of determining the number of cells that
came out untrapped, 1 ml of output solution was collected and counted for number of

cells present. For each run, the no. of cells counted in five small squares in centre of
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Since the live cells count at the inlet has already been performed and discussed in
Section 4.5.5.1, therefore now the live cell count at the outlet in the flushed cell

suspension from the four runs is now determined and is given in Table 4.7.

Table 4.7: Trapped cell count

Position No. of cells counted
(hemocytometer) Run 1 Run 2 Run 3 Run 4
] 65 55 50 53
2 60 62 56 60
3 70 60 53 65
4 72 63 69 70
5 50 63 71 61
Total 317 303 299 309

For determination of cell density, 10 pl of cell suspension was pipetted from the solution
collected in the four runs respectively and to it 0.2 pl of dye and 10ul of DI water was
added and mixed thoroughly, giving Dilution factor of 2.02. The cell density at the outlet
was then divided with inlet cell density (32.3x10° cells/ml) to give % of viable cells at

the outlet as described in Table 4.8

Table 4.8: Percentage of viable cells

Run Avg. no. of cells Ou(g‘::. cczllll;f::;ity % Viability
1 63.4 32.0x10° 99.07%
2 60.6 30.6x10° 94.73%
3 59.8 30.1x10° 93.46%
4 61.8 31.2x10° 96.59%

From the above calculations, an average percentage of viable cells was calculated to be

96%.
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4.5.4.5 Cell mixture

Cell mixture analysis was carried out by performing the trapping experiment twice. The

cell count for both the runs is given in Table 4.9 when 350 kHz frequency was applied.

Table 4.9: Cell count at 350 kHz

Position Run 1 Run 2
(hemocytometer) | [jve cells | Dead cells Live cells Dead cells
1 4] 6 28 12
2 48 6 38 5
3 22 2 40 4
4 25 4 45 6
5 30 10 50 10
Total 194 232
D.F 1 1
Table 4.10: Device efficiency for each run
Run Avg. no. of cells Density Efficiency
(No. cells/ml)
1 38.8 9.70x10° 87.2%
2 46.4 1.16x10 84.6%

Device efficiency was obtained by calculating the average cell number and cell density

in the two runs as given in Table 4.10.

Average device efficiency is 85.9% ~ 86.0%

After, performing trapping experiment at 350 kHz and collecting 1ml of output solution,

the signal was increased to 700 kHz keeping other conditions constant. After switching

the signal first 1ml of the solution was collected and discarded to make sure that the live

cells that were there in the output tubing is removed from the previous run. Now, another

ml of the output solution was collected in a fresh eppendorf and analyzed for cell

density. The cell count of both live and dead cells in detailed in Table 4.11.
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Table 4.11: Cell count at 700 kHz

Run 1 Run 2
Position Live cells | Dead cells Live cells Dead cells
| 5 40 8 36
2 10 38 1 41
3 10 36 16 26
4 7 42 10 35
5 4 45 13 32
Total 250 228
D.F 1 !

Device efficiency was obtained by calculating the average cell number and cell density

in the two runs as given in Table 4.12:

Table 4.12: Device efficiency for each run at 700 kHz

Density .
Run Avg. no. of cells (No. cells/ml) Efficiency
i 50.0 1.25%107 83.5%
2 45.6 1.14x107 84.9%

Average device efficiency is 84.2%

4.6 Conclusions

1.

The gold electrode based DEP device using C-Serpentine design is successfully

fabricated and tested. Gold electrodes of height 200 nm were deposited using thermal

evaporation technique. And SU-8 based microchannel is patterned over the 200 nm

thick gold electrode. Further, drilling of inlet/outlet ports was carried out using

ultrasonic drilling. An adhesive bonding technique is used to make perfect sealing

between the glass and silicon substrate, for which the bonding parameters were

optimized. The fabricated device was initially tested for leakage by flowing D] water

through the channel and no leakage was observed. No leakage indicates that both

silicon and glass substrate has bonded well with each other.
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. For studying the device performance, yeast cells were used as model cells. The yeast
cells were grown using YPD media. The procedure for cell growth and culturing was
carried out in a sterile environment and are presented in detail in Section 4.2.3.2.
Dead yeast cells were prepared by heat killing live yeast cells. The conductivity of
both live and dead yeast cell suspension was measured using conductivity meter.
The value of suspension conductivity was further used to predict the value of CM
factor. This in turn helped in determining the frequency range over which each cell

will experience p-DEP and n-DEP.

. The experiments were done with an objective to dielectrophoretically trap live and
dead yeast cells in microchannel using AC driven electric field. With both cell types
4 sets of experiments were performed. The details of experiment are given in Section
4.4, Dead cells were observed to get trap at 300 kHz whereas, live cells showed
trapping at 700 kHz. The reason behind this frequency specific response is that in
case of dead cells their cell wall is damaged therefore electric lines can easily pass
through the cells and cause it to trap at lower frequency. Whereas, in case of live
cells that have their cell wall intact, do not allow the electric lines to pass through
them so easily. therefore when higher frequency is applied then only cell trapping

was observed.

. The efficiency of the gold electrode DEP device is also investigated for both live and
dead cells. For each of the cells, four runs were performed. In case of dead cells, the
calculated device efficiency is 97.9% and in the case of live cells the device efficiency
is calculated to be 94.3%. However the efficiency of the device can further be
increased if 3D electrodes were employed, as in case of 3D electrodes the electric field
is distributed across whole of the channel unlike 2D electrodes where the electric lines

remained confined at the micro-channel base.

. Trapping of the cells was also tested for cell mixture. Dead cells were observed to get
trap at 350 kHz whereas, live cells showed trapping at 700 kHz. In case of dead cells,
the calculated device efficiency is 86% and in the case of live cells the device

efficiency is calculated to be 84.2%.

. It was observed from the experimental results that the cell trapping efficiency value
is high when trapping of individual cells is performed, however the efficiency value

drops when mixed cell suspension is taken. The reason for this discrepancy in
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trapping efficiency is because the cell density in case of mixed cells is more i.e
7.58x10’ cells per ml when compared to live and dead cell density i.e 32.6x10° and
91x10° cells per ml respectively. Therefore. it is possible that in the case of mixed
cells, the DEP force generated was not sufficient enough to effectively capture cells
and thus more number of cells went untrapped. However. the trapping efficiency can
be further improved by diluting the mixed cell suspension or by increasing the

applied voltage.

. As proven by Ramos et al [13], the joule heating effect can be ignored for solutions
with low conductivity. The variation of temperature calculated and measured for a
solution with a conductivity of 100 nS/cm was in the range of 1-6°C for an applied
voltage of 20 Vp-p. Since the input voltage in our study is only 10V and the medium
conductivity is in the same order of magnitude, the % viability obtained in our study
is 96%.
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Chapter 5

Dielectrophoretic Trapping with Printed Carbon Electrodes

3.1 General Introduction

Much advancement has been made in the area of DEP, and most of the work has been
reported using metal electrodes [1]-{4]. However, there are still some challenges that
need to be addressed before AC-DEP devices can come across the end users. The
fabrication of these metal electrodes requires a complicated and an expensive fabrication
technique (metal evaporators or metal sputters) that often restricts the yield and results in
more expensive devices. The high-cost yet low-yield device manufacturing induced by
traditional microelectromechanical systems (MEMS), tends to become worse in the case
of disposable DEP devices for some applications, especially in health care, to avoid

sample contamination.

Although other low-cost and easy-going methods such as hot embossing, injection
molding, and laser photo-ablation can be used to fabricate microfluidic devices. they
show poor capability to integrate electronic elements (for example, electrode arrays) that
are necessary for DEP manipulation. Starting in the 2000s, alternative techniques have
been explored to overcome common problems (e.g. electrode fouling) in metal-electrode
DEP. Insulator-based DEP and light induced DEP are the most significant examples in
this period. More recently, new 3D techniques like carbon-electrode DEP [5][6],
contactless DEP [7][8], and the use of either C-MEMS or doped PDMS [9][10] have
further simplified the fabrication process. However, the state-of-the-art of fabrication
methods still cannot meet all the requirements for practical DEP chips such as low cost,

simple process and high throughput.

The previous chapter detailed the fabrication steps involved in the fabrication of gold
electrode based DEP device. The fabrication of these metal electrodes was performed
using thermal evaporation technique that often restricts the yield and results in more
expensive devices. Therefore, we conceived an idea of replacing metal electrodes with

carbon electrodes using an inexpensive screen printing technology.
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The present chapter elaborates the fabrication of carbon electrodes along with its testing
for trapping live and dead yeast cells [11]. The beauty of our work is the extreme
simplicity of the device fabrication procedure. i.e.. the principal component: the
microelectrodes, were constructed via screen printing process, which made it possible for
the inexpensive yet high-throughput mass production, especially considering the
widespread presence of such a technology in industry [12]. The details of screen-printing
technology has already been discussed in Chapter 2 along with few contributions of this
technology to DEP [13], [14]. Zhu et al in 2015 [14] was the first to report the use of
screen printed dielectric paste electrodes with castellated geometry for separation of
yeast and polystyrene particles. The electrodes created alternate regions of low and high
sharp electric field regions, therefore the cells trapped at electrode edges by p-DEP
became dead and low viability percentage was obtained. This viability problem was
further addressed by Lin et al in 2016 [13], where they proposed the use of 3D wavy
sidewall electrode along with offset castellated electrodes to continuous separate

particles in three different outlets.

In our study, we propose the use of only 3D serpentine sidewall electrodes. With
serpentine structure stronger and long range electric field gradient can be generated in
the entire microchannel, which leads to better device performance. In our work, instead
of metal electrodes, conductive carbon paste (SIL 060 by SILTECH CORPORATION)
was used to screen-print C-Serpentine electrodes with 3D structures which not only
reduces the cost dramatically but also increases the trapping efficiency when compared
to the previous studies. Unlike pyrolysis, which is one of the widely adopted method for
fabricating carbon electrodes, screen printing technology consumes less efforts and time.
Also pyrolysis method is associated with stress-induced peeling off and delamination of
carbon structures from the substrate, shrinkage of photoresist structures and self
organization of electrodes. Unfortunately, the fact that SU-8 structures shrink during
carbonization, the gap between the adjacent electrodes also increases which in turn

affects the DEP force and device throughput.

The use of 3D electrode structures over more traditional planar structures is emphasized
here as a way to increase the throughput of DEP devices. Also, it is a very common
practice to pack microfluidic devices with Poly-Di-Methyl-Siloxane (PDMS), because it

is an inexpensive, biocompatible, an easy to mold and can be coated with a controlled
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thickness. But there are few demerits associated with PDMS based microchannels, say
for example, PDMS experience elastic deformations under imposed flow rates and also
studies have shown that PDMS tends to absorb small molecules which significantly
alters the composition of the solution [15], [16]. These deformations affect the flow rate
and pressure distribution in the channel. Another well known issue with PDMS is that it
does not provide a leak proof bond with the substrate even if the substrate is treated with
oxygen plasma, which is again a time consuming process. In order to avoid these kinds
of issues we propose the use of pyrex glass to cover the channel using SU-8 as an
adhesive layer in our fabrication work. Pyrex glass on the top provides good adhesion
with the substrate therefore a leak proof device can be fabricated and also it does not

undergo any elastic deformation.

In this chapter, we will discuss the fabrication of carbon based DEP device using screen
printing technology and the use of SU-8 as structural as well as an adhesive layer. The
main challenge in the fabrication of carbon based device involves the fabrication of SU-8
micro channel over carbon electrodes. This is because, the SU-8 possess poor adhesion
to glass substrate and tend to peel off very easily during the SU-8 development process.
In addition to this, the conductive carbon paste shows incompatibility with (Methyl Ethyl
Ketone) MEK, alcohol or any such similar solvents. Therefore we have optimized our
process of SU-8 adhesion by doing a number of trials on glass substrate. It is well known
that the adhesion of SU-8 can be improved either by using the piranha cleaning or
e)'cposing the substrate to oxygen plasma. We have used piranha cleaning in order to
improve the adhesion to the substrate. Further the process parameters such as exposure
time, prebake and post bake and development time is also optimized for glass substrate.
To the best of our knowledge, the present work on carbon electrode based DEP device
using SU-8 microchannel and glass sealing is so far the first reporting in available

literature.

5.2 Conductive Carbon Inks

Conductive inks and pastes are becoming increasingly popular, both in research
community and also with makers and educators. The use of conductive carbon inks
constitutes a low cost method of applying conductors to various types of substrates like
plastics, polyester films, polyimide films, ceramics and other materials by means of

screen printing technique. Conductive carbon inks consist of three main components
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DI Water rinse: Wafer is rinsed with DI water for 10 min. A large fraction of ionic
impurities present on the wafer surface is removed and wafer becomes free from all ionic

impurities except HO" and OH".

Piranha cleaning: After DI water rinsing; the substrates were cleaned using piranha
solution. Piranha solution contains H2SO4:HO; in the ratio of 3:1 by volume. The wafers
were dipped in the solution for 15 min. Organic impurities and alkali jons are removed
due to strong oxidizing property of the solution. The surface of glass is passivated with
(OH) groups making it hydrophilic. After piranha cleaning the wafers are dipped in
dilute HF (HF: DI water: 1:50) at room temperature to remove the native oxide. This is
followed by N blow drying. A set of eight samples were prepared for the experimental

work.

5.3.2.2 Carbon electrode printing

After cleaning, the glass substrates were loaded for carbon electrode patterning using
Screen Printing Technique, in which the carbon ink is forced through the open
regions of a mesh screen to form a pattern on the surface. Here, we have used a low
resource and thus highly available scheme for electrode fabrication based on simple,
stencil method. Carbon electrodes from conductive carbon ink can readily be
deposited using screen or stencil printing methods. A VTT-DC machine is used for
printing of carbon electrodes. The screen printing machine is illustrated in
Figure 5.4(a) which is available at Center for Nanoscience and Engineering (CeNSE),
11Sc-India. A desired pattern on nylon mesh stencil which is shown in Figure 5.4(b)
and glass substrate is loaded in screen printing machine. Afterwards, carbon ink
shown in Figure 5.4(c) is poured onto the stencil and spread with a squeegee. After
printing, the stencil was removed from the substrate and the substrate with printed
carbon electrodes was placed in the oven at 100°C for 1 hr, this removes the solvent
from the paste. Thus this process creates a stencil pattern on the substrate. After
printing and baking the substrate for 1 hr, the height of carbon electrodes on four
glass samples were measured using Profilometer (Veeco, DEKTAK 6M, Stylus
Profiler), and the average height was found to be 18 pm.
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channel for both dead and live cells. In Figure 5.14(a) when 300 kHz signal was applied,
dead cells can be seen trapped at the bottom boundary of the channel while the upper
channel boundary has very less number of cells. While in Figure 5.14(b). when the signal
was switched to 700 kHz, live cells were seen getting trapped on almost all the larger
periphery of the channel. This clearly shows the response of each cell is specific to the

frequency applied.

5.6 Device Efficiency

In case of carbon device too, the procedure used to calculate the device efficiency is
same as the one used for gold device as discussed in Chapter 4 under Section 4.5. The
input cell density that has been calculated for live cells is 32.6x10° cells/ml and 91x10°

cells/ml in case of dead cells, as already discussed in Chapter 4.

5.6.1 Counting Dead Cells (Output)

To ensure the repeatability of the device, the experiments were repeated four times. No
dilution of output solution in case of dead cells is done. Therefore in this case dilution
factor is taken to be 1. With the objective of determining the number of cells that came out
untrapped, 1 ml of output solution was collected and counted for number of cells present.
For each run, the no. of cells counted in five small chambers in centre square of
hemocytometer (described in detail in Chapter 4 under Section 4.3) is detailed in Table 5.3.

From Table 5.3, it was observed that the total cell out in each run is 24, 23, 26 and 24.

Table 5.3: Dead cell count in different runs

Position No. of cells counted
(hemocytometer)
Run 1 Run 2 Run 3 Run 4
1 2 7 10 2
2 5 7 5 8
3 4 2 2 3
4 10 4 8 9
5 3 3 1 2
Total 24 23 26 24
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3 72 70 74 52
4 70 66 40 79
5 48 65 77 55
Total 305 318 314 312

For determination of cell density, 10 pl of cell suspension was pipetted from the solution
collected in the four runs respectively and to it 0.2 pl of dye and 10 pl of DI water was
added and mixed thoroughly, giving dilution factor of 2.02. The cell density at the outlet
was then divided with inlet cell density (32.3x10° cells/ml) to give % of viable cells at

the outlet as described in Table 5.8.

Table 5.8: Percentage of viable cells

Run Avg. No. of cells O“(ﬂ[‘;" i‘:]'lsﬁfg"y % Viability
1 61.0 30.8x10° 95.35%
2 63.6 32.1x10° 99.38%
3 62.8 31.7x10° 98.14%
4 62.4 31.5x10° 97.52%

From the above calculations, an average percentage of viable cells at the outlet was
calculated to be 97.59~98%.

5.6.4 Counting Cells in Mixture

Cell mixture analysis was carried out by performing the trapping experiment twice. The

cell count for both the runs is given in Table 5.9 when 300 kHz frequency was applied.

Table 5.9: Cell count in each run (300 kHz)

Position Run 1 Run 2
(hemocytometer) |  Live cells Dead cells Live cells Dead cells
1 28 7 35 6
2 30 2 26 4
3 38 5 20 5
4 40 5 42 3
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5 35 4 40 5
Total 194 186
D.F 1 1
Table 5.10: Device efficiency for each run
Run Avg. No. of cells | Density (No. cells/ml) Efficiency
1 38.8 9.7x10° 87.2%
2 37.2 9.3x10° 87.7%

Device efficiency was obtained by calculating the average cell number and cell density

in the two runs as given in Table 5.10.

Average device Efficiency is 87.45%

After, performing trapping experiment at 300 kHz and collecting 1 ml of output solution,

the signal was increased to 700 kHz keeping other conditions constant. After switching

the signal first Iml of the solution was collected and discarded to make sure that the live

cells that were there in the output tubing is removed from the previous run. Now, another

ml of the output solution was collected in a fresh eppendorf and analyzed for cell

density. The cell count of both live and dead cells in detailed in Table 5.11.

Table 5.11: Cell count in each run (700 kHz)

Position Run 1 Run 2
(hemocytometer) |  Lijve Cells Dead Cells Live Cells Dead Cells
1 5 28 10 41
2 2 40 4 35
3 8 32 6 26
4 4 30 7 37
5 6 35 5 20
Total 190 191
D.F 1 1

Device efficiency was obtained by calculating the average cell number and cell density

in the two runs as given in Table 5.12:
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Table 5.12: Device efficiency for each run (700 kHz)

Run Avg. No. of cells | Density (No. cells/ml) Efficiency
] 38 9.5x10° 87.4%
2 38.2 9.55x10° 87.3%

Average device Efficiency is 87.35%

5.7 Biocompatibility Test of Carbon Ink

To test the biocompatibility of carbon ink with yeast cells, a cell culture test was
performed. For culturing of cells, a 50 ml of yeast extract, peptone and D-glucose media
(Y- 0.25 gms, P- 0.5 gms, D — 1 gms) was prepared in a flask. From this 50 ml solution, a
5ml media was taken in a separate test tube. Now, to the rest of 45 ml media solution a 2%
Agar i.e 0.9 gms was added and mixed gently. The flask and the tube were now autoclaved
at 121°C for 30 min at 15 psi to kill all micro-organisms and spores. After autoclaving the
media was allowed to cool to room temperature. After cooling, 45ml of media solution was
poured into two petri dishes namely control and test and was allowed to solidify. While in
the 5 ml of media, 10 mg of dry active yeast was added and mixed thoroughly. After
solidification, in the control perti dish 100 pl of cell suspension was pipetted and spread
thoroughly using a sterile spreader under laminar flow cabinet. While in the test petri dish,
first 100 pl of carbon ink was pipette (that was dissolved in 1 ml of alcohol) and spread

thoroughly followed by the spreading of 100 pl of cell suspension.

It is to be noted that all the above procedure was performed in laminar hood to prevent the
cells and media from any contamination. The two petri dishes were covered and then
placed in an incubator at 30°C for overnight. Figure 5.19 shows (a) control petri dish with

just media and cells, and (b) shows test petri dish with encircled particles of carbon ink.

The two petri dishes were then observed after 14 hrs as shown in Figure 5.19 (c,d), 20
hrs as shown in Figure 5.19 (e,f) and 25 hrs as shown in Figure 5.19 (gh). It was
observed that the yeast cells growth occurred in both the petri dishes and with the time

elapsed the growth also increased in the two petri dishes.
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higher than that of fabricated gold electrodes, but it was still sufficient to create the
required non uniform electric field and cause cell trapping. Keeping the channel
height same as taken in case of gold electrode i.e ~30um, the trapping efficiency of
screen printed carbon device was calculated to be 98.6% for dead cells and 95.6% for
live cells. which is higher than the trapping efficiency of gold device. Such good
trapping efficiency clearly indicated that carbon electrodes can be used as a cost

effective alternative to gold.

. Also, we reported the packaging of the fabricated device using glass substrate. The
glass substrate is a good alternative to commonly reported PDMS or pressure
sensitive adhesive (PSA). Fabrication of PDMS replica requires master mold which
is fabricated in clean room following a number of processes eg etching, lithography
etc which add ones to the cost. On the other hand the microchannel cut out of PSA
requires the use of rolling press to seal the device. This operation is challenging when
using fragile substrates like Si or glass. Therefore closing the microchannel with
glass was an easy alternative as it just required a thin SU-8 coating that acts as an
adhesive. The fabricated device was tested to be leakage proof. In addition the
mixture of the both type of cell was also studied and investigated. Our approach
successfully trapped the yeast cells while preserving the viability of live cells as
discussed in Section 5.6.3. Additionally, we have demonstrated n-DEP trapping of
yeast cells with the purpose of inducing less stress on the cell. This is because the p-
DEP force is twice as strong as a n-DEP force and induces stress on a particle during

p-DEP capture thereby resulting in cell damage.

We also investigated the cellular response or biocompatability of yeast cells with
conductive paste of carbon. We observed that the cells growth occurred in both
control as well as in test petri dishes. Also, the growth seems to increase with time in
each of the dishes. The result indicates its usefulness in eventual studi;:s involving
carbon-MEMS devices.
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Chapter 6

Overall Conclusions and Future Scope

6.1

Overall Conclusions

Two goals comprised the research efforts of this dissertation. The first goal was to

fabricate a microfluidic device with electrodes made out of carbon instead of very

commonly used gold. The second aim was to test the fabricated device with carbon

electrode for cell trapping and also compare its performance with that of fabricated gold

electrode based DEP device. This chapter goes over the main points of the research on

screen printed carbon based DEP device and provides future research directions and

possible guidelines in the respective area. The important results of the present study are

summarized in the following paragraphs.

1.

From literature review we studied various 2D and 3D commonly used electrode
geometries that are widely reported in literature (castellated, interdigitated,
extruded, and 3D posts of pyrolysed carbon etc). Since carbon electrodes
fabricated with printing technology for DEP cell trapping application is less
perused in literature, the investigation on this aspect forms an interesting premises

of research and investigations.

In chapter 4, gold electrode based 2D DEP device has been fabricated using the
traditional photolithography method and sputtering. Gold electrodes of height
200nm were fabricated using sputtering in the microfluidic channel of height
30um. SU-8 based microchannel is fabricated over the 200nm thick gold
electrode. An adhesive bonding technique is used to make perfect sealing between
the glass and silicon. The fabricated device was initially tested for leakage by
flowing DI water through the channel and no leakage was observed. No leakage

indicates that both silicon and glass substrate has bonded well with each other.

For testing of the fabricated device was performed using yeast cells. The yeast

cells were grown using Yeast, Peptone and D-glucose (YPD) media. The
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procedure for cell growth and culturing was carried out in a sterile environment

i.e. under laminar flow to prevent any contamination.

We observed from the experiments. the dead cells are got trapped at 300 kHz
frequency, and the live cell got trapped at 700 kHz frequency. The reason behind
this frequency specific response is that in case of dead cells their cell wall is
damaged therefore electric lines can easily pass through the cells and cause it to
trap at lower frequency. However, when a cell is live, the cell membrane is intact
and insulating and the electric field is not able to penetrate at lower frequency. To
overcome this resistance offered by the cell membrane. higher frequency is

required to trap the cell.

The efficiency of the gold electrode DEP device is also investigated for both live
and dead cells. For each of the cells, four runs were performed. In case of dead
cells, the calculated device efficiency is 97.9% and in the case of live cells the
device efficiency is calculated to be 94.3%. The efficiency is comparable with the
other dielectrophoretic devices that have been proposed and reported in literature.
However the efficiency of the device can further be increased if 3D electrodes
were employed, as in case of 3D electrodes the electric field is distributed across
whole of the channel unlike 2D electrodes where the electric lines remained

confined near the vicinity of the electrodes.

Trapping efficiency of the device was also calculated when a suspension
containing both live and dead yeast cells was inserted in the channel. The
efficiency of the device was calculated to be 84.2%. One of the primary
motivations in performing this experiment is that when the subpopulation of same
type of cells with the same radius are separated, the DEP force difference occurs
only based on the real part of the CM factor, which might be a challenge for cell

separation applications.

In chapter 5, carbon electrode based DEP device was fabricated and tested. For
making carbon electrodes screen printing method was adopted. Screen printing
has proven to be a good alternative to resist pyrolysis, which is one of the widely
used method to fabricate carbon electrodes. Printing allows multiple components
to be fabricated simultaneously, with relatively few processing steps and few

sources of materials. Replacing subtractive processes such as photolithography
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10.

and etching with additive processes reduces process complexity as well as
materials waste. This makes printing a low cost process with the production of
fully disposable microfluidic devices. The SU-8 based microchannel is fabricated
over 18um thick screen printed carbon electrodes, the channel height remained
constant as in the case of gold electrodes. The device was covered with glass
substrate, in order to allow easy visualization. An adhesive bonding technique
was used to make perfect sealing between the two glass substrates. The device
leakage proof testing was carried out by flushing of the DI water after the bonding

of the channel.

It was observed that cell trapping in carbon electrodes occurred at 300 kHz for
dead cells and 800 kHz for live cells, when 10Vp-p signal and flow rate of
0.5ml/hr was applied.

The resistivity of the screen printed carbon electrodes was measured using four
probe system and was found out to be 300 KQ. The value of resistivity was higher
than that of fabricated gold electrodes, but it was still sufficient to create the
required non uniform electric field and cause cell trapping. Keeping the channel
height same as taken in case of gold electrode i.e ~30um, the trapping efficiency
of screen printed carbon device was calculated to be 98.6% for dead cells and
95.6% for live cells, which is higher than the trapping efficiency of gold device. It
was observed that the % difference in the trapping efficiency of carbon electrodes
is approximately 2% higher than that of gold electrodes. Therefore it is inferred
from this study that carbon can prove to be a cheap and reliable alternative to gold
in near future, and the excellent properties of carbon should be exploited
complimentary to, alternative to and beyond noble metals material capabilities.
More efficient devices not only needs to be constructed from a low cost material

but also from inexpensive fabrication techniques.

Also, we reported the packaging of the fabricated device using glass substrate.
The glass substrate is a good alternative to PDMS. The fabricated device was
tested to be leakage proof. In addition the mixture of the both type of cell was
also studied and investigated. It is observed that cell got trapped on investigated
frequency of respective cell when the mixture solution is used. Our approach

successfully trapped the dead cells while preserving the viability of live cells.
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11. The cellular response of yeast cells with conductive paste of carbon was also

6.2

investigated. It was observed that the cells growth occurred in both control as
well as test petri dishes. Also, the growth seems to increase with time in each of
the dishes. The result indicates its usefulness in eventual studies involving

carbon-MEMS devices.

Future Scope of the Work

No research concludes with an absolute end. There is enough room for innovation in the

fabrication of cost effective DEP devices. Several materials like conductive carbon inks,

polymers with high carbon contents needs better understanding so that fabrication design

strategies can be improved further. The research in this area will find a milestone when

the carbon will be used in various microfluidic applications. From the perspective of

present work, the following aspects can be studied and investigated further.

1.

Screen printing while also capable of forming electrodes, suffers from reduced
resolution, larger minimum feature size and require a mask for each design. But,
screen printing is uniquely useful for forming microchannels and the throughput of
this technique makes it attractive for high volume manufacturing. From various
printing techniques we have chosen screen printing to fabricate innovative
C-serpentine electrodes. Other printing technologies like inkjet jet printing or solid

wax printing can be explored to fabricate cost effective DEP devices.

The fabricated device can be tested for various other cell types with different medium
conductivities. Due to lack of facility, this study was not been able to be conducted

during this thesis.

Study of different forces acting on a particle under the influence of DEP can be
performed using numerical modeling technique. This will help in numerically

predicting the cell trapping frequency of the respective cell.
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Appendix-II

MATLAB Code for Calculating Massotti Factor
DEAD CELLS

clear;
clc;

2.5e-6; . m
2.25e-6; < m

rl
r2

nouon

r3 2.242e-6; ' m

sigma_1 = 15e-4; x S/m

sigma_2 = 1.6e-4; % S/m

sigma_3 = 7e-3; t S/m

sigma_f = 70e-4; * S/m

e 0 = 8.85e-12;

e_1 = 60*e_0;

e 2 = 6*e_0;

e 3 = 50*e_0;

e f = 6.9-10;

omega = (0:1:1000)*1e3;

e com_ 1 = e 1 - (sigma_l./omega)*1j;

e com_2 = e 2 - (sigma_2./omega)*1j;

e com 3 = e_3 - (sigma_3./omega)*1lj;

e com_f = e_f - (sigma_f./omega)*1j;

C = (r2/r3)"3 + 2*((e_com_3-e_com_2)./(e_com 3 + 2*e_com_2));
D = (r2/r3)"3 - ((e_com 3-e_com_2)./{e_com 3 + 2*e_com_2));

e _com_23 = e_com_2 .* C./D;

A
B

(rl/r2)"3 + 2*((e_com 23-e_com_1)./(e_com 23 + 2*e_com_1));
(rl/r2)*3 - ((e_com 23-e_com_ 1)./{e_com 23 + 2*e com 1));

1]

e com p 1 =e_com1l .* A./B;
%e com_1 * A/B

fcm 1 = (e_comp 1 - e_com_f)./(e_com p_l+2*e_com f); %

figure(l):

plot (omega,real{e com p 1));
xlabel ('omega’);

ylabel {'e-com-p');

figure(2);
plot {omega,real (fcm_1));
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xlabel ('one ,}(1' Y
ylabel ('t < 11');

LIVE CELLS

clear;

clc;

rl = 3e-6; 5 m

r2 = 2.78e-6; 1 m

r3 = 2.772e-6; ' m

sigma_1 = 14e-3; - S/m

sigma_2 = 25e-8; ¥ S/m

sigma_3 = 0.2; t S/m

sigma_f = 110e-4; ¢ S/m

e_0 = 8.85e-12;

e_1l = 60*e_0;

e 2 = 6*e_0;

e_3 = 50*e_0;

e f = 6.9-10;

omega = (0:1:1000)*1e3;

e com 1 = e 1 ~ (sigma_l./omega)*1j;
e com 2 = e_2 ~ (sigma_2./omega)*1lj;
e com_3 = e_3 - (sigma_3./omega)*1j;
e com_f = e_f - (sigma_f./omega)*1j;
C = (r2/r3)"3 + 2*({e_com_3-e_com_2)./(e_com 3 + 2*e _com 2));
D = (r2/r3)*3 - ((e_com_3-e_com_2)./(e_com 3 + 2*e com 2));

e com_23 = e_com 2 .* C./D;

A = (rl/r2)"3 + 2*((e_com 23-e_com_1)./(e_com 23 + 2*e com 1));
B (rl/r2)~3 - ((e_com_23-e_com_1)./(e_com 23 + 2*e com 1));

]

e comp l=-ecom1l .* A./B;
%e _com_1 * A/B

fem_1 = (e_com p_1 - e_com_f)./(e_com_p_1+2*e _com f}; %

figure(l);

plot (omega, real (e_com p_1));
xlabel ('omega');

ylabel ('e-com-p');

figure(2);
plot (omega, real (fem_1));
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xlabe
ylabe

CELL

clear
clc;

rl
r2

(' ‘mega');
1('r T M");
MIXTURE
3e=-6; = m
2.78e-6; % m

r3 = 2.772e=-6; % m

sigma_1 = 14e-3; % S/m

sigma_2 = 25e-8; % S/m

sigma 3 = 0.2; % S/m

sigma_f = 100e-4; % S/m

e 0 = B8.85e-12;

e 1 = 60*e_0;

e 2 = 6%e_0;

e 3 = 50*e_0;

e f = 6.9e-10;

omega = (0:1:1000)*1e3;

e com 1 = e_1 - (sigma_l./omega)*1j;

e com 2 = e_2 - (sigma_2./omega)*1j;

e com 3 = e 3 - (sigma_3./omega)*1j;

e com_f = e_f - (sigma_f./omega)*1j;

C = (r2/r3)"3 + 2*((e_com_3-e_com_2)./(e_com_3 + 2*e_com 2));
D = (r2/r3)*3 - ((e_com_3-e_com_2)./(e_com_3 + 2*e_com 2));

e com 23 = e_com_ 2 .* C./D;

n

A
B

(
(

rl/r2)*3 + 2*((e_com_23-e_com_1)./(e_com_23 + 2*e com 1));

rl/r2)”3 - ((e_com_23-e_com_1l)./{e_com_23 + 2*e_com 1)) ;

e com p 1l =e_coml .* A./B;
$e com 1 * A/B

fem 1 = (e_com p_1 -~ e_com_f)./(e_com_p_l+2*e _com f); -
rl = 2.5e-6; 3 m

2 = 2.25e-6; ¥ m

r3 = 2.242e-6; % m

sigma_1l = 15e-4; % S/m

sigma_2 = l.6e-4; % S/m

sigma_3 = 7e-3; 3 S/m
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sigma_f = 100e-4; ' S/m

e 0 = 8.85e-12;

e 1 = 60*e_0;

e 2 = 6*e_0;

e_3 = 50*e_0;

e f = 6.9-10;

omega = (0:1:1000)*1e3;

e com_1 = e_1 - (sigma_l./omega)*1j;

e com 2 = e_2 - (sigma_2./omega)*1j;

e com 3 = e_3 - (sigma_3./omega)*1j;

e com f = e_f - (sigma_f./omega)*1j;

C = (r2/r3)"3 + 2*((e_com_3~e_com_2)./(e_com_3 + 2*e_com 2)};
D = (r2/r3)"3 - ((e_com_3-e _com 2)./(e_com_3 + 2*e_com_2)T;

e_com_23 = e_com 2 .* C./D;

A= (rl/r2)"3 + 2*((e_com_23-e_com_1)./(e_com_23 + 2*e_com_1});
B = (rl/r2)”3 - ((e_com _23-e_com_1)./(e_com_23 + 2*e_com_1)7;

e com p 2 =e_com1l .* A./B;

ve_com_1 * A/B

fcm_2 = (e_com p_2 - e_com_f)./(e_com_p_2+2*e_com_f);
figure(l);

plot (omega,real{e_com p_1),omega,real{e_com p_2));
xlabel ('omega’');

ylabel('e~-com-p');

legend{'Live cell', 'Dead cell');

figure(2);

plot (omega, real (fcm_1),omega, real (fcm_2));

xlabel {'omega’);

ylabel {('f C M'};

legend{'Live cell', 'Dead cell');

Simulation Steps for Determining Electric Field Gradient

This section details the simulation steps taken to carry out a comparative analysis of
electric field gradient generated by different geometries as discussed in Chapter 3 under
Section 3.2. In the section below, the simulation steps involved in the study of only bell
shaped electrodes are defined in detail. For other geometries, the simulation steps are the

same as defined for bell shaped structure.
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4. Gold deposition

After thermal oxidation, the wafers were loaded for gold deposition. Thermal
evaporation technique is used for deposition. The deposition was carried out with
deposition rate of 0.2 nm/s. Followed by chrome deposition, a 200 nm gold layer was

deposited as shown in Figure B2(ii) and discussed in Section 4.2.2.3.
5. Lithography

After gold deposition, the pattering of the gold layer is carried out. The wafer is coated
with photoresist by spin coating technique. A detailed description of lithography process

along with the parameters used is discussed in Section 4.2.2.4.
6. Cr/Au Etching

After pattering the Cr/Au, etching is carried out using wet bench process. The etching
process along with the reagents and parameters used is detailed in Section 4.2.2.5 and

illustrated in schematic view in Figure B2(iii).

7. SU-8 coating and microchannel patterning

After gold electrode, the SU-8 polymer is used for fabrication of the micro channel for
DEP device. SU-8 is the material of choice for Bio-MEMS and microfluidics devices and
requires simple processing, less fabrication time. SU-8 (Microchem, 2035) is used for the
experimental work. The process of photoresist coating and microchannel patterning is

discussed in detail in Section 4.2.2.6 and is shown in Figure B2(iv) and Figure B2(v).

8. Chrome coating and patterning onto glass substrate

A pyrex glass substrate of thickness 500um#25um is used for closing of the
microchannel as shown in schematic Figure B2(vi). The glass substrate is patterned to
make an inlet/outlet for the fluidic flow. A chrome layer of 200 nm thickness is
deposited using the E-beam evaporation technique as shown in schematic view of Figure
B2 (vii). A schematic of the chrome pattern obtained after lithography is shown in Figure

B2(viii) and is discussed in detail in Section 4.2.2.7.
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9. Glass dicing and drilling

After pattering of the chrome layer, the glass substrate is diced and drilled. An ultrasonic
drilling is used for making inlet/outlet of the microchannel. Schematic diagram of glass
substrate with drilled inlet and outlet holes is shown in Figure B2(ix) and discussed in

detail in Section 4.2.2.9.

10. Chrome etching

After drilling holes in the glass substrate at desired location, the chrome etchant is prepared
to etch the chrome pattern. Typically chrome etchant are mixtures of perchloric acid
(HCIO,), and ceric ammonium nitrate (CAN) powder is used for etching. Details of chrome

etching is given in Section 4.2.2.8 and illustrated in schematic view in Figure B2(x).

Issues in Device Packaging

The last step after device fabrication is to package it. However, after fabrication of
DEP device with circular electrodes, unfortunately we could not package the device
with glass substrate. Therefore fabrication steps as shown in schematic diagram from
Figure B2(ix) to B2(xi) could not be performed. Even after multiple trials for drilling
inlet and outlet holes in the glass substrate with the help of ultrasonic drilling machine,
the glass substrate got shattered each time. This was because the inlet and outlet ports
were 1mm in diameter and was very near to each other and drilling holes in glass this

close made it to crack again and again.

Although the other possible alternative to glass could be polydimethylsiloxane
(PDMS). PDMS is one of the most widely used material for closing any microfluidic
channel as it is cheap, transparent and can be cured into any shape with desired
thickness. However closing the channel with PDMS requires prior treatment with O,
plasma for reducing its hydrophobicity which is a time consuming process and also the
plasma treated PDMS within 24hrs will become hydrophobic again if it is left in air.
Hydrophobic regions can cause all sorts of problems with fluid flow like air bubble
formation in the channel, protein adsorption etc. None the less, the channel sealed with
PDMS often comes with an inevitable phenomenon of leakage and PDMS deformation.
Because of the above mentioned issues, neither packaging the circular microelectrode
DEP device with PDMS was desirable nor could the packaging with glass be achieved.

Therefore we had to switch from circular electrode design to C-serpentine design.
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ﬁ
CONDUCTIVE CARBON INK DATA SHEET

SILTECH CORPORATION INC PRODUCT DATA SHEET
No-166, 5" Cross, Ist Main, South avenue layout CODE NO' 060
Gottigere, BG Road, BANGALORE-83

TclFax 080- 65654565, 92430 81267, 98453 56726

DESCRIPTION :CONDUCTIVE CARBON PREPARATION NO. SIL.NO.060 is specially designed
For screen printing application on flexible substrate like polyester, polycarbonate.
Polyimide.etc It is a dispersion of f{ine carbon particles in a thermoplastics resin
System

ADVANTAGES
Excellem flexibility
Adheres well 1o both bare and 1TO sputtered membrane touch key boards.
Thixotropics nature provides good dispersion for excellent screen printing
Characteristics

TYPICAL APPLLICATION:

01 As a protective coating for silver and copper conductive lines.
And pads on flexible and rigid circuit boards.

02 A low cost PTF- resistors in the additive circuits

03 In Bio-sensors

04  Asa low cost heater

TYPICAL PROPERTIES

(WET PRODUCT)
Pigment : Carbon
Binder - thermoplastic
Solvent SILTECH THINNER
Solid content - 70%

Viscosity (KCPS). 150-200 KCPS
(a1 25 C, Brookficld Mule! RVT Spindle No- 7 spandle Speed 10 RPPM.)

SELF LIFE: One years in unopened containers.

TYPICAL PROPERTIES AS CURED PRODUCT

SHEET RESISTIVITY . 250 ohm/sq). at one mil
Coverage 180-200 sq.cm/gm
Film thickness * 12 micoms

MIXING DILUTION  This product is ready 10 use consistency . This product is applied by standard screen
printing techniques. But should be mixed Thoroughly with a plastic spatual prior to each use. Mix smoothly
from the Bottom of the container, being careful not to whip air into the product. Using  Plastic spatual will
decrease the possibility of introducing plastic grinding From the container side walls into the product possibly
clogging screens.

if necessary use SILTECH thinner for printable consistency.

APPLICATION

SCREEN 150 -- 325 Mesh Nylon/polyester Stainless sieel

Squeejce Type polyurcthane

Emulsion thickness: 20-40 microns

Curing . 10" C -30 minutes

Film thickness(325 mesh nylon afier curing) - 10 microns

Storage . stored in a room temperature in a coal, dry place, and should not be
Refrigerated

CLEAN UP

Screens may be cleaned up with MEK, acetone or other similar solvents
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