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[3-DIMENSIONAL CARBON MICRO-ELECTRO-MECHANICAL SYSTEM
(MEMS) ELECTRODE FOR POTENTIAL DIELECTROPHORETIC HEPATIC
CELL PATTERNING APPLICATION]

ABSTRACT

The maintenance of liver tissue unique pattern remains a great challenge in the
generation of functional engineered liver tissue in vitro. This thesis presents a carbon-
dielectrophoresis (DEP) based cell patterning for generating hepatic cell constructs,
mimicking biological hepatic lobule. A new design of electrode named interdigitated
radiating-strips electrode (IRSE) was simulated and optimized using COMSOL
Multiphysics 4.2a. The simulation result proved that IRSE is capable to provide uniform
distribution of electric field for generating three-dimensional (3D) DEP force. The use of
carbon electrodes has been an alternative to traditional metal electrodes and insulator
structures for DEP applications since more advantages offered. The proposed lab-on-a-
chip (LOC) device composed of three layers and feature 3D carbon IRSE which was
fabricated using a carbon micro-electro-mechanical system (CMEMS) technique. The
electrical characterization result of the fabricated carbon electrode shows that the average
electrode resistivity is 10.36 + 1.19 x 10 Q-m, which low enough to generate an electric
field for DEP application using 10 of volts. A proof-of-concept experiment using an
interdigitated circular post electrode was conducted to confirm the functionality of the
fabricated LOC device. Results show that with the presence of a 15 V voltage input, this
carbon structure was capable of manipulating polystyrene microbeads through negative-
DEP and positive-DEP in a range of frequency. In the guise of IRSE, both two-
dimensional (2D) and 3D structures were fabricated and 10 um polystyrene microbeads
were used as a model to demonstrate dielectrophoretic cell patterning. Under 15V of AC
signal and 50 MHz of frequency in 1 minute, 3D IRSE shows a 67% increase in trapping

efficiency of pDEP microbeads as compared to the 2D IRSE. This result suggests that the



3D carbon electrode has the capacity to generate strong electric field gradients over the
microchannel which is in line with the simulation result. Certainly, this CMEMS
technique can be utilized to engineer a 3D carbon electrode for DEP application and has
a great potential to be applied for 3D hepatic cell patterning. Future applications of the
fabricated LOC device include artificial organs for integration in the human-on-a-chip
system, drug development, and toxicity screening, as well as the modeling of patient

specific liver illness.

Keywords: Dielectrophoresis, cell patterning, carbon electrode, carbon MEMS, liver.



[KARBON MIKRO-ELEKTRI-MEKANICAL SISTEM (MEMS) ELEKTROD 3-
DIMENSI YANG BERPONTENSI UNTUK APLIKASI MENCORAKKAN SEL
HEPATIK SECARA DIELEKTROPORASI]

ABSTRAK

Penyelenggaraan pola tisu hati yang unik kekal sebagai satu cabaran besar dalam
penjanaan kejuruteraan tisu hati secara in vitro. Dalam kajian ini, corak sel berasaskan
karbon-dielektroporesis (DEP) untuk menghasilkan sel-sel hepatic, menyerupai lobular
hati biologi. Reka bentuk elektrod baru yang dipanggil elektrode jalur-jalur terpencar
(IRSE) telah disimulasikan dan dioptimumkan menggunakan aplikasi COMSOL
Multiphysics 4.2a. Hasil simulasi membuktikan IRSE mampu memberikan pengagihan
seragam medan elektrik untuk menghasilkan daya DEP secara tiga-dimensi (3D).
Penggunaan elektrod karbon telah menjadi alternatif kepada elektrod logam tradisional
dan struktur penebat untuk aplikasi DEP kerana lebih banyak kelebihan yang ditawarkan.
Alat yang dicadangkan pada peranti canggih (LOC) terdiri daripada tiga lapisan dan
mempunyai IRSE karbon yang dihasilkan dengan menggunakan teknik sistem mekanik
elektro-mekanik karbon (CMEMS). Keputusan pencirian elektrik elektrod karbon dibuat
memberikan purata ketahanan elektrod sebanyak 10.36 + 1.19 x10™* Q-m di mana masih
rendah nilainya untuk menghasilkan medan elektrikuntuk aplikasi DEP menggunakan 10
volt. Percubaan konsep eksperimen telah dijalankan untuk mengesahkan fungsi peranti
LOC yang dihasilkan dengan menggunakan elektrod silinder. Keputusan menunjukkan
bahawa dengan kehadiran input voltan 15 V, struktur karbon ini mampu memanipulasi
manik mikro polistirena melalui negatif-DEP dan positif-DEP dalam pelbagai kekerapan.
Dengan menggunakan IRSE, kedua-dua struktur dua-dimensi (2D) dan 3D digunakan
sebagai model untuk menunjukkan corak sel dielektroporatik oleh manik mikro
polistirena sebesar 10 um. Di bawah isyarat AC 15 V dan frekuensi 50 MHz dalam 1

minit, 3D IRSE menunjukkan peningkatan sebanyak 67% bagi kecekapan penangkapan



manik mikro oleh positif-DEP berbanding 2D IRSE. Hasil ini menunjukkan bahawa
elektrod mempunyai keupayaan untuk menghasilkan kecerunan medan elektrik yang kuat
ke atas saluran mikro yang sejajar dengan hasil simulasi. Oleh itu, teknik CMEMS ini
boleh digunakan untuk menghasilkan 3D elektrod karbon untuk aplikasi DEP dan
mempuntai potensi besar untuk digunakan mencorak sel hepatik secara 3D. Antara
aplikasi masa hadapan bagi peranti LOC yang dihasilkan adalah organ buatan untuk
integrasi sistem human-on-a-chip, pembangunan dadah dan pemeriksaan toksik serta

permodelan penyakit hati tertentu pesakit.

Kata Kunci: Dielektroporasi, pencorakan sel, elektrod karbon, karbon MEMS, hati
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CHAPTER 1: INTRODUCTION
1.1 Overview

Engineering biological tissue from the living cells is an emerging field known as tissue
engineering with the aim to repair and enhance the function of damaged or defected tissue.
Looking forward to bigger and better desires, more complex with microstructural features
of tissue such as liver tissue engineering have been developed. The liver is one of the
complex inner organs that control over 500 of the body functions mainly metabolism,
synthesis of plasma protein, and detoxification to keeping the body alive. Although the
liver has a high degree of regenerative competency, liver damages caused by a viral
infection, toxin, or chronic liver diseases may eventually lead to permanent liver failure.
Clinical studies have shown that liver transplantation can support long term therapeutic,
however, the quality and amount of compatible donors are severely limiting (Palakkan,
Hay, & Ross, 2013). Therefore, these limitations have urged the research in liver tissue
engineering to construct functional engineered liver tissue (K.-H. Lee, Lee, & Lee, 2015;
J. Zhang et al., 2018).

Conventionally, engineered tissue required a porous, biocompatible, and
biodegradable scaffold where cells are seeded and patterned. Both natural and synthetic
scaffolds offer physical and chemical stimuli to guide tissue development and then
cultured in a bioreactor with a controlled microenvironment system. However, although
advanced biodegradable scaffolds have been developed to morphologically mimic native
tissue, it is still not enough to reconstruct more complex organs such as the liver which
compose of heterogeneous cells mainly hepatocyte and endothelial cells which organized
in a specific hexagonal lobule pattern. Therefore, precise manipulation of cells through
cell patterning techniques have been developed and demonstrated the excellent promising
on engineering tissues. Cell patterning falls into two categories that are passive and active,

which both can guide cells into desired patterns mimicking the native tissue by applying



external manipulation. The effectiveness of passive cell patterning techniques including
micro-contact printing and microfluidic patterning have been reported but are limited by
the spontaneous cell adhesion process which is slow and uncontrollable. Compared to
those techniques, active patterning methods use external forces such as magnetic, optical,
electrokinetic, and fluidic to actively direct the cells to the desired patterns.

Among the available electrokinetic forces, dielectrophoresis (DEP) has been recently
widely used for cell patterning because it offers more selective, controllable, and
accurate manipulation as well as simple equipment requirement (Abd Rahman, Ibrahim,
& Yafouz, 2017). Besides, a large number of cells could be patterned simultaneously
without any need for cell pre-modification or labeling signifying its benefits for tissue
engineering. Hence, DEP is highly appropriate for in vitro liver cell patterning in order to
mimic the complicated microstructural of native liver tissue to preserve the optimum liver
functions. For instance, to maintain viability and specific functions of human liver cell,
HepG2, C. T. Ho, R. Z. Lin, W. Y. Chang, H. Y. Chang, and C. H. Liu (2006) had
designed an array of a planar concentric-stellate-tip electrode to yield radial-pattern of
electric fields for dieletrophoretically manipulate viable liver cells in a hexagonal manner.
However, the planar or two-dimensional (2D) DEP system shows low trapping and
patterning efficiency because the DEP force will rapidly decrease as the distance from
the planar electrodes increase. As an alternative, three-dimensional (3D) electrode
structures are introduced to create a larger volume of DEP forces.

Increasing demand in liver tissue engineering has emerged microscale technologies as
the powerful tools to complement the cellular microenvironment in vitro. Carbon micro-
electro-mechanical system (CMEMS) is one of the recent microscale approach
incorporating advanced microfabrication of polymer-derived carbon structures for the
used in various fields such as electrochemical sensors, batteries, DEP, and cell culture

substrates (Beidaghi, Chen, & Wang, 2011; Hassan, 2018; Martinez-Duarte, Renaud, &



Madou, 2011; Min et al., 2008; G Turon Teixidor et al., 2008; Thiha, lbrahim, Muniandy,
& Madou, 2019). The polymer-derived carbon structure produced from CMEMS is the
glass-like carbon which has good thermal conductivity, wide electrochemical stability
window, good mechanical stability, and most essentially biocompatible for the tissue
engineering application since the carbon structure is working directly with the living cells.

The innovation in DEP research couple with advanced microfabrication technique
primarily CMEMS has introduced a better microfluidic system, lab-on-a-chip (LOC) to
develop more complex artificial organs such as the liver. In this study, a unique design of
the 3D electrode has been designed and optimized to mimic the microstructure of the
hexagonal hepatic lobule. Numerical simulation was done to determine better DEP
configuration and optimized geometry of the 3D electrode to obtain optimum DEP effect
on hepatic cells. By employing the CMEMS process, a 3D patterned carbon electrode
was fabricated and has been microstructural and electrically characterized. To complete
the LOC device, a microfluidic platform has been incorporated. The use of a carbon
electrode for dielectrophoretic manipulation was demonstrated by polystyrene
microbeads as a proof-of-concept. Furthermore, DEP patterning experiments were
conducted using the new design electrode, which is expected to mimic the native hepatic
lobule pattern and potentially applied for hepatic cell patterning application.
1.2 Research Objectives

The objective of this study is to develop a LOC device featuring a 3D carbon MEMS
electrode. This carbon-based device has the potential for dielectrophoretic hepatic cell

patterning application. The following are the sub-objectives:

i.  To design and optimize electrode to generate electric field intensity up to 10°

V/m for dielectrophoretic cell patterning based on simulation analysis.



ii.  Tofabricate and characterize 3D carbon electrode (micro-scale height with the
resistivity of 1 x 10* Q-m) and design a microfluidic platform to develop a
LOC device.

iii.  Toconduct DEP experiments on trapping efficiency of polystyrene microbeads

for device proof-of-concept and patterning application.

1.3 Problem Statement

Complex liver tissue morphology is to compensate and control the numerous body
functions. However, it is a challenging task to provide adequate position and maintain
liver cells to reconstruct complex liver tissue according to its native morphology, in vitro.
Conventional tissue engineering used a biodegradable scaffold for cell seeding and tissue
development, but it is still not enough to reconstruct complex organs such as the liver.
Therefore, cell-based patterning techniques are shown to be promising for precise cell
manipulation. One of the versatile manipulation mechanisms is DEP where it requires no

complicated pretreatments, more selective, controllable, and accurate manipulation.

1.4 Scope of Work

This study focus on the design and development of a LOC device specifically used to
pattern hepatic cells using DEP force in 3D. The electrode used to generate the DEP force
is a glass-like carbon electrode derived from an organic polymer (SU-8). The advantage
of the use of carbon electrode in dielectrophoretic patterning is from the relatively easy
fabrication process of 3D structure using the CMEMS technique involving
photolithography and pyrolysis. Due to the dynamic behavior of polystyrene microbeads,
it has been used for device proof-of-concept and patterning characterization.
1.5 Thesis Organization

The rest of the thesis is organized as follows:



Chapter 2 includes a brief literature review on the topics of liver structure and functions
and its relative to liver tissue engineering particularly DEP, DEP theory, and types of
electrode used, followed by a description on CMEMS microfabrication of carbon

electrode.

Chapter 3 describes the design and development of the LOC device, including
electrode design and simulation by COMSOL, electrode preparation, fabrication, and
characterization. A proof-of-concept experiment was performed to test the fabricated
LOC device for the DEP application. Lastly, DEP patterning experiments were conducted

to demonstrate the potential application of dielectrophoretic hepatic cell patterning.

Chapter 4 discusses the results obtained from this study. Specifically, discussion on
simulation results of the newly designed electrode. Following that is the outcome of
CMEMS fabrication and electrode characterization. Finally, the DEP experiment results
in a proof-of-concept of the LOC device and cell patterning demonstration using

polystyrene microbeads.

To end with, Chapter 5 presents a general conclusion of this study and the declaration
of contributions. Besides, several suggestions for future works and potential applications

have been presented.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

This chapter provides background information related to this study. Along with the
progress in the field of liver tissue engineering, various aspects of liver structure and
functions, the current state of liver disease, and failure will be discussed. Following that
is focusing on one of the engineering approaches that is DEP theory, the DEP system for
liver cell patterning, and types of electrode commonly used for DEP. Finally, details on
the glass-like carbon electrode will be presented including the microfabrication process

of the carbon electrode using the CMEMS technique.

2.2 Overview of Liver Tissue Engineering

The importance of development in liver tissue engineering is thoroughly illustrated by
the increasing number of deaths because of liver failure (Hernaez, Sola, Moreau, & Gines,
2017; Mazza, Al-Akkad, Rombouts, & Pinzani, 2018). Liver transplantation is the most
current treatment but limited by the number of available donors and the need for endless
immunosuppressive treatment. Hence, a variety of progress in the field of liver tissue
engineering has shown great promises to supplement the transplant shortage while

opening up spaces for cellular study for other biomedical applications.

In vivo, liver cells live in a comfortable microenvironment in which adequate nutrients,
growth factors, and oxygen are supplied by the circulatory system and provide
biochemical and mechanical interactions with the neighboring environment. Cells
regularly receive numerous cues through communications between cells and the
extracellular matrix (ECM) promoting differentiation, proliferation, growth, and
assembly to form functional tissue. ECM components include collagen, laminin, and
fibronectin, which have proven to be favorable in hepatic development and regeneration

in a variety of ways, such as networking with cell surface receptors and delivering



cytokines (Bonnans, Chou, & Werb, 2014; Maher, 1998; Martinez-Hernandez & Amenta,
1995). Furthermore, control interactions between parenchymal and non-parenchymal
cells are significant to preserve hepatocyte morphology and a variety of functions such as
metabolism, detoxification (Kadota et al., 2014; Lerche et al., 1997), and protein synthesis

(S. N. Bhatia, Yarmush, & Toner, 1997b; Weiskirchen & Tacke, 2014).

Due to those resourceful surroundings, when enzymatically isolated hepatocytes are
cultured in static and monolayer systems, they rapidly lose their morphology and many
phenotypic functions. As discussed before, research has shown that liver cells have a high
capacity to repair themselves. However, this remarkable ability is difficult to implement
in vitro, but it is possible with the support of a suitable microenvironment prior to
implantation. In consequence, by utilizing the principles of biology and engineering,
functional engineered liver tissue could be developed to resemble the biological tissue by
in vitro culture. This interdisciplinary field, called tissue engineering, offers a great
opportunity to overcome the health issues regarding loss or damage of the liver, drug

toxicity and can be used to investigate deep within the liver’s biological system.

2.3 Liver
2.3.1 Liver Architecture and Functions

The liver is one of the vital organs in the human body, located in the upper right-hand
of the abdominal cavity, inferior to the diaphragm as shown in Figure 2.1. The liver is
encapsulated by a connective tissue capsule that is supported by the peritoneum of the
abdominal cavity. The peritoneum connects the liver by four ligaments: left triangular
ligament, right triangular ligament, coronary ligament, and membranous falciform
ligament. The liver anatomy consists of four separate lobes which are right (largest), left,
caudate, and quadrate lobes. This detail of structures shown in Figure 2.2. The lobes

divide the parenchyma of the liver into approximately 100,000 small functional units



called lobules. Each lobule shaped as hexagonal-like pattern plates of hepatocytes cell
radiating outward from a central vein. At the pinnacles of the lobule is consists of portal

triads, including a hepatic portal vein, hepatic artery, and a bile duct.

The unique yet complex architecture of the liver is indeed designed to carry out a broad
range of liver functions. This extraordinary organ is responsible for controlling body
metabolism by chemically converting nutrients into energy; it also synthesizes substances
needed by the cells, such as proteins, carbohydrates, and fats (Ge, Du, & Mao, 2014;
Wright, Anderson, & Bridges, 1990). To continuously sustain the living state of the body
tissue, the liver also acts as a filter, detoxifying the undesired elements found in the blood
and lymph circulatory systems such as toxins and excess hormones (Liska, 1998). Thus,
research has found that significant changes in liver function, such as immune dysfunction
and chronic diseases such as cancer and fibromyalgia, can cause liver damage (Campana
& lIredale, 2017; Kozanoglu, Canataroglu, Abayli, Colakoglu, & Goncu, 2003; Than &

Newsome, 2015).

Figure 2.1: Human digestive system. Adapted from http://www.britannica.com.



http://www.britannica.com/

Figure 2.2: Structure of liver lobule. Adapted from
http://anotomychartpad.com.

2.3.2 Liver Regenerative Mechanism

The normally functioning liver has a unique feature whereby the hepatocytes rarely
proliferate in normal conditions but are able to regenerate upon the loss of hepatic tissue
mass. Nearly a century ago, Higgins (1931) showed the ability of the liver of the white
rat to self-regenerate after performing a 70% partial hepatectomy, and the restoration was
completed within just 3 weeks. This finding has encouraged scientists to deepen the
understanding of this remarkable event. Rhim, Sandgren, Palmiter, and Brinster (1995)
developed a transgenic mouse system to evaluate the regenerative capacity of
hepatocytes. In their study, they showed that the transplantation of xenogeneic liver cells
into albumin-urokinase (Alb-uPA) transgenic mice completely regenerated in several
weeks with a liver mass similar to that of the control. Moreover, adequate liver function
was identified in the transplanted rat hepatocytes by secretion of proteins as well as drug
metabolism and detoxification (Rhim et al., 1995). On the other hand, decreases in liver
mass occurred when the functional capacity of the liver went beyond the body’s ideal

requirements.
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Extensive studies have been conducted to analyze the mechanisms that regulate
regenerative development using animal models, commonly mice, subjected to partial
hepatectomy. Hepatocytes regenerate in response to a series of various gene activations,
growth factor production, and morphologic arrangement throughout several phases, as
shown by the general flow in Figure 2.3 (Fausto, 2001). Every growth factor plays a
definite role during the regenerative process, including hepatocyte growth factor (HGF),
epidermal growth factor (EGF), transforming growth factor-o (TGF-a), tumor necrosis
factor-o (TNF-a), interleukin-6 (IL-6), insulin, and norepinephrine. However,
dysregulation of these growth factors may lead to hepatocarcinogenesis (Kiss, Wang, Xie,
& Thorgeirsson, 1997). Studies suggest that overexpression or imbalance of either growth
stimulatory or inhibitory factors is fundamental in tumor development (Kawaguchi &
Kataoka, 2014; Michalopoulos, 2017). Therefore, it is essential to deliberate these
biological circumstances during tissue construction.

Partial Hepatectomy

A 4
Rapid Signal Event
¥
Transcription Factor Activation
¥
Immediate Early Genes
¥
Secondary Gene Response

Cell Cycle Progression _

DNA Replication

Figure 2.3: A broad outline of important events in liver regeneration.
Reproduced with permission (Fausto, 2001).

2.4 Engineering Approaches
Continued advancements in tissue engineering have provided appropriate
environments on the microscale to suit the micro dimensions of cells. Emerging

microelectromechanical system (MEMS) technologies allow new opportunities to
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understand the electrochemical and mechanical processes responsible for changes in cell
culture performance (James, Mannoor, & lvanov, 2008; Pan, Wang, Ru, Sun, & Liu,
2017). Unlike conventional apparatus, with the aim of liver-on-a-chip, many recent tools
have been developed with the ability to operate small volumes of fluid, are portable and
easy to integrate with other systems, and are low-cost products for the purpose of
commercialization. Figure 2.4 shows some techniques available for liver tissue

engineering.

() ALG/GC scaffold (b) Cell sheet engineering

(c) Microfluidic 3D hepatocyte chip (d) Perfused multiwell plate

(e) Soft lithography micropatterning (f) Dielectrophoresis micropatterning chip

A

Figure 2.4: (a) SEM image of ALG/GC scaffold for hepatocytes attachment (T.
W. Chung et al., 2002). (b) Cell sheet technology for passive cell patterning using
PIPAAm-grafted surface (Kikuchi & Okano, 2005). (¢) Microfluidic 3D hepatocyte
chip utilizing micro-pillars for cell culture (Toh et al., 2009). (d) Perfused multi-
well plate with an array of 12 scaffold-based bioreactors (Domansky et al., 2010).
(e) Soft lithography to fabricate hepatocytes micropatterning in a multiwell format
(Khetani & Bhatia, 2008). (f) Microelectrode for active liver cell patterning via
DEP mechanism (Ho et al., 2013). Reproduced with permissions.

However, the major attraction of those tools for cell culture applications is the
competency to imitate the in vivo microenvironment of cells with good cell-cell and cell-

ECM interactions, optimum oxygen and nutrient supplies, precisely controlled
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temperature and pH, biochemical and mechanical stress, and many other factors. In this
section, we briefly review some engineering approaches that address some desirable
parameters for generating liver tissue cultured in vitro. Moreover, a summary of
representative literature of comparison between available engineering approaches

specifically for liver tissue engineering is included in Table 2.1.

241 Scaffold-based

Scaffolds are designed to function as in vitro ECM for cell culture to promote cell
differentiation, proliferation, and migration, and they gradually degrade upon
implantation in the patient and are substituted by neo-tissue. Generally, scaffold structure
should have a highly interconnected porous network to allow perfusion of gases,
nutrients, and growth factors to the cells; 3D; be biodegradable, for easy elimination out
of the body; be biocompatible with the host tissue; and possess good mechanical
properties to support and sustain the preferred shape (Dhandayuthapani, Yoshida,
Maekawa, & Kumar, 2011; Eltom, Zhong, & Muhammad, 2019; Hutmacher et al., 2001).
These structures can be fabricated from a wide variety of materials, either natural

biomaterials or synthetic polymers.

One of the most widely used natural biomaterials for liver tissue engineering is
alginate. In addition to its biocompatibility and low toxicity, the hydrophilic nature of the
alginate scaffold facilitates the efficient seeding of hepatocytes onto the sponge-like
scaffold. Glicklis, Shapiro, Agbaria, Merchuk, and Cohen (2000) observed the
aggregation behavior of freshly isolated adult rat hepatocytes seeded within a 3D alginate-
based scaffold. This work showed that within 24 hours after cell seeding, small groups of
hepatocytes begin to appear, and by day 4, they become as large as the pore size of the
scaffold and form spheroids with the presence of fibronectin. Within a week, the cells

performed typical hepatocyte functions, such as secreting albumin and urea at the
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maximal rate, indicating that the alginate scaffold facilitated their functional expression.
Unfortunately, poor mechanical properties due to unstable ion exchange and a deficiency
of cell-adhesive signals prevent the maintenance of these good conditions for hepatocytes
for a long period (Shoichet, Li, White, & Winn, 1996). Thus, a hybrid
alginate/galactosylated chitosan (ALG/GC) porous scaffold was fabricated by
lyophilization, and the mechanical strength was enhanced by changing the ALG to GC
ratio and controlling the freezing temperature (T. W. Chung et al., 2002; J. Yang et al.,
2001). Primary hepatocytes isolated from mouse seeded onto ALG/GC showed a 30%
increase of hepatocyte attachment compared to the alginate scaffold alone. These results
were due to good interactions between the ligands and receptors available in the
appropriate combination of ALG and GC. Besides, hepatocyte functions such as albumin
secretion and ammonia removal were significantly higher and were maintained for a

longer time than on alginate scaffolds without chitosan.

Advances in polymer chemistry have aided the engineering of synthetic biomaterials
to overcome the disadvantages of natural polymers. Poly(L-lactic acid) (PLLA),
poly(lactic-co-glycolic acid) (PLGA) and poly(e-caprolactone) (PCL) are among the wide
variety of synthetic polymers available with the benefits of good mechanical properties,
controllable degradation rates, and easy accessibility. For example, collagen-coated
PLGA scaffolds were to be useful for culturing rat hepatocytes, which exhibited urea
synthesis after two weeks of culturing (Hasirci et al., 2001). The culturing efficacy of
PLLA 3D scaffolds was investigated by culturing porcine hepatocytes in the presence of
hepatocyte growth factor. Liver specific functions were reported to be enhanced, with
increased levels of albumin secretion, cytochrome P450, ammonia removal, and urea

synthesis compared to those of the control (Huang, Hanada, Kojima, & Sakai, 2006).
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However, due to several issues, scaffold-based engineering of highly structured liver
replacements is not applicable. In some cases, the scaffold does not fully degrade and
affecting the amount of ECM deposited by cells, thus delaying the regeneration of neo
tissue resembling natural liver and possibly causing fibrosis (Y. Wang, Ameer, Sheppard,
& Langer, 2002). The inflammatory response also occurred with the biodegradation
process in certain cases, even with non-toxic material (Babensee, Anderson, Mclntire, &
Mikos, 1998; Sung, Meredith, Johnson, & Galis, 2004). Another significant drawback is
a poor perfusion rate, which disturbs the smooth flow of nutrients and waste products and

hence affects the cell viability.

2.4.2  Microfluidic Platform

The ability to work with small volumes of fluids flowing through a microchannel with
high analytical precision are the main advantages offered by microfluidic platforms for
biomedical applications including tissue engineering (S. Chung, Sudo, Vickerman,
Zervantonakis, & Kamm, 2010; Das & Chakraborty, 2009; Liu et al., 2010; Materne et
al., 2015). A wide variety of microfluidic platforms have been developed for liver tissue
engineering, and each addresses certain factors such as cell seeding method, cell density
needed, gradient and flow rate of fluids and oxygen concentration, as well as differing in

design and fabrication techniques (Goral & Yuen, 2012).

Early work had fabricated a scaffold-based microbioreactor that allowed continuous
perfusion of nutrients to the hepatocytes (Powers et al., 2002). The scaffolds were
designed to provide a 3D culture environment as well as mechanical support, while the
microbioreactor consisted of chambers with individual channels to permit the flow of
culture medium controlled by the low permeability of the filter system. More recently,
with some improvements, Domansky et al. (2010) developed perfused multiwell plates

where each well contained a scaffold-based bioreactor. Hepatocytes were seeded onto
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each ECM-coated scaffold to deliver the optimum concentration of oxygen and
biochemical force. Additionally, an external pneumatic diaphragm micropump was
integrated to maintain constant perfusion of the culture medium, as well as model oxygen
sensors to assess the oxygen tension received by hepatocytes. Another key feature of this
multiple microbioreactor was that its design resembled conventional multiwell plates for

tissue culture to enable ease of handling.

On the other hand, Goral et al. (2010) cultured hepatocytes in 3D perfused microfluidic
devices without the presence of biological or synthetic matrices. The 3D
microenvironment was maintained by a line of micropillars surrounding the cell culture
chamber, and unlike other microfluidic devices, the base of the cell culture chamber also
featured patterned micropillars to enhance the cellular organization. The micropillars
were designed to allow the continuous flow of culture media from two side microchannels
and the bottom of the microstructure. The formation of gap junctions and extended bile
canaliculi during in vitro hepatocyte culturing indicated that a 3D microenvironment
could be induced in the absence of ECM provided with dense cell-cell interactions on a
perfused microfluidic platform. More recently, another hepatocyte culturing technique
utilizing gel-free microfluidic platforms was presented (Shih, Tseng, Weng, Chu, & Liu,
2013). The authors proposed a multi-row square-pillar microstructure as the perfusion
mechanism with a larger cell culture area. Up to 90% of the cultivated hepatocytes
showed viability at day 5, supporting the hypothesis that the proposed design enables a
balance between the low shear stress and high mass-transfer rate experienced during cell

seeding.

In general, many parameters have been considered in each development of
microfluidic platforms for the use of liver tissue engineering; high cell density to favor

cell-cell and cell-ECM interactions, proper cell seeding to reduce cell damage, a good
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perfusion rate to provide adequate nutrients as well as sufficient oxygen supply to
promote angiogenesis. However, because the liver comprises a microstructure of
heterogeneously arranged cells, cell patterning technology for liver reconstruction could
be compulsory. Thus, the high function and long term viability of engineered liver might
be achieved with micropatterning technologies that can precisely position cells to closely

mimic the natural pattern of the liver.

2.4.3 Micropatterning

Early work in the micropatterning of heterogeneous liver cells employed
photolithography techniques requiring which cell-adhesive materials such as collagen,
fibronectin, and polylysine. Using photolithography, S. N. Bhatia, Yarmush, and Toner
(1997a) coated collagen on a substrate in specific regions to promote hepatocyte
attachment. A second cell type, fibroblasts, were then seeded, these cells attached and
occupied the remaining untreated areas with the favor of serum-mediated attachment, thus
forming a well-ordered pattern (S. Bhatia, Balis, Yarmush, & Toner, 1998). Regardless
of the well-known photolithography technique, this approach of micropatterning is
restricted when it is subjected to the efficiency of cell-cell and
cell-substrate adhesiveness. For instance, the first cell type must strongly adhere to the
patterned area and weakly adhere to the unpattern area, and the opposite should be the
case for the second cell type. Furthermore, the ordinary cell adhesion process is slow and
uncontrollable, thereby decreasing the effectiveness of this technique for further

application in liver tissue engineering.

Progress in surface engineering has introduced a controllable surface to dynamically
regulate the interactions between cells and substrate for the successive patterning of
heterogeneous cells. Cell sheets are a tissue engineering method utilizing a temperature-

responsive cell culture dish. This special dish is prepared by covalently grafting a thin
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layer of polymer, poly(N-isopropylacrylamide) (PIPAAm), onto typical polystyrene cell
culture dishes by electron beam radiation, which is sensitive to the culture temperature
(Hirose, Kwon, Yamato, Kikuchi, & Okano, 2000). At a standard culture temperature of
37 °C, the PIPAAm-grafted surfaces behave as polystyrene dishes that enable cell
adhesion, proliferation, and culture. By decreasing the culture temperature to 32 °C, the
polymer’s lower critical solution temperature (LCST), the PIPAAm-grafted surfaces
rapidly become hydrophilic, facilitating cultured cell detachment and forming cell sheets

without any need of chemical or mechanical forces.

Hirose, Yamato, et al. (2000) have developed two cell co-culture arrangements of
patterned primary hepatocytes and endothelial cells. In the first arrangement, patterned
co-culture was performed by utilizing an electron beam with a patterned mask to treat the
PIPAAm-grafted surface. Hepatocytes were cultured under standard culture temperature
and spontaneously detached below the LCST. Endothelial cells were then cultured on the
same surfaces at 37 °C and occupied the exposed PIPAAm-grafted area to form
heterogeneous cell patterns. In contrast, another arrangement included a double-layered
co-culture achieved by covering the hepatocyte monolayers with endothelial cell sheets.
Both arrangements appeared to maintain their differentiated state and functions for
approximately one week and could be transferred with the desired shape. Maintaining the
cell shape along with the ECM adhered onto the basal of cells sheet was another positive
feature of this method. Compared to the conventional method using trypsin, this
temperature-responsive cell culture dish offers a non-invasive harvesting method, as the
cultured cells spontaneously detach in response to temperature change. Through
examination by surface analysis and characterization, a group of proteins indicating the
presence of ECM and good cell adhesion was found when endothelial cells were detached
by simply reducing the temperature (Canavan, Cheng, Graham, Ratner, & Castner, 2005a,

2005b).
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However, although cell sheet engineering is very efficient in cell detachment, this
method is highly dependent on the surface chemistry of the thermo-responsive dish to
preserve good cell adhesion in a micropatterned manner (Kikuchi & Okano, 2005;
Kumashiro, Yamato, & Okano, 2010). Numerous types of thermo-responsive dishes were
developed to counteract several effects such as rapid dehydration due to poor grafting
techniques of PIPAAmM on the surface. Furthermore, additional steps are required, such
as microcontact printing of collagens to enhance the production of ECM because they are
essential for stacking multiple types of cell sheets to form 3D heterogeneous tissue

(Isenberg et al., 2008).

In contrast to the above-mentioned passive cell patterning, various approaches have
been developed and are still under research to actively position cells in desired patterns.
With the aid of external forces such as magnetism, optics, and electrokinetics, or by
combining some of these, multiple cell types, such as hepatocytes and endothelial cells,

can be precisely controlled and rapidly direct cell adhesion.

Ink-jet patterning, which uses a computer-aided design (CAD) system to position cells
layer-by-layer for 3D organ building offers rapid and high-resolution patterning of single
and multiple cell types (Mironov, Boland, Trusk, Forgacs, & Markwald, 2003). However,
the sequential processes, including designing the organ using CAD, cell printing to form
cell aggregates according to the CAD design, and lastly, organ conditioning to promote
cell maturation, are quite laborious and costly. Moreover, high concentrations of cells
cannot be used because they may cause nozzle clogging during cell printing and thereby
influence the patterning accuracy (Saunders, Gough, & Derby, 2008). Advances in optical
technology have led to laser-guided writing capable of simultaneously directing multiple
types of cells via a laser beam (Odde & Renn, 1999). However, the energy loading used

is still a major concern, as it may lead to cell damage. Meanwhile, owing to the unique
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dielectric properties of every cell type, electrical force may have the ability to position
multiple types of cells with high selectivity and accuracy. The electrical forces used for
cell patterning at the microscale involve electrophoresis and DEP (Gonzalez & Remcho,
2005; Hughes, 2002; Manz et al., 1994), which are useful for transporting cells in
microfluidic systems (Voldman, 2006; C. Zhang, Khoshmanesh, Mitchell, & Kalantar-
Zadeh, 2010). In addition, large numbers of cells can be patterned simultaneously without
any need for cell pre-modification or labeling, signifying benefits for tissue engineering.
In the next section, the fundamental principles of DEP will be briefly described along

with a presentation of electrodes for liver cell patterning.

2.5 Dielectrophoresis (DEP)
2.5.1 Principle of DEP

DEP force is the movement of polarized particles within a medium when subjected to
non-uniform alternating current (AC) electrical field as has been earliest described by
Pohl (1951). Biological cells are good candidates of polarizable particles, besides of
microbeads, DNA, protein, bacteria, and so on for particles manipulation by isolation,
characterization, separation, and patterning (N. Green, Morgan, & Milner, 1997;
Hashimoto, Kaji, & Nishizawa, 2009; Hughes, Morgan, Rixon, Burt, & Pethig, 1998;

Jubery, Srivastava, & Dutta, 2014; Yantzi, Yeow, & Abdallah, 2007).

Biological cell when suspended in a non-uniform AC electrical field will become

polarized and experienced DEP force, Fpep Which is given by Eq. (2.1):

Fpgp = 2nr3gye, Re[K(w)]VE? (2.1)

where r is the radius or cell, ¢, and ¢, are the permittivity of free space and

surrounding the cell respectively, Re[K(w)] is the Clausius-Mossotti factor, V is the Del
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gradient operator and E is the electrical field. The Clausius-Mossotti factor is further

described by Eq. (2.2):

* *
Ep—Em

Re[K(w)] = (2.2)

ep+2em

where w is the angular frequency and & and &, are the complex permittivities of the

cell and medium, respectively. Additionally,
S )
e =¢e— — (2.3)

where j is the imaginary unit, ¢ is the permittivity, ¢ is the conductivity and w is the
angular frequency of the given AC electric field. The direction of movement cell depends
upon the relative polarizability of the cell in the suspending medium verify by the
Clausius-Mossotti factor which further depends on the applied frequency, f = w/2m, and
properties of both the suspending medium and cell. As illustrated in Figure 2.5, in the
case where the polarizability of cells is higher than the medium, the cells tend to move
towards the smaller electrode where the electrical gradient is high. If the cells experienced
less polarizable than the medium, the cells will then move towards a low electrical
gradient near the larger electrode. The collection of cells to the high electric fields is
identified as positive DEP (pDEP) and repulsion from the high electric fields is identified

as negative DEP (nDEP).

This phenomenon was then believed to be beneficial for cell patterning. The fact that
DEP is a frequency-dependent force enables cells to be precisely controlled and
manipulate by a certain frequency and guided to the desired pattern relative to the non-
uniform electric field generated by the electrode. In addition, the innovation in DEP

research couple with advanced microfabrication of CMEMS and microfluidic technique
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has introduced another type of electrode to develop better tissue engineering tools

primarily for the liver.

Figure 2.5: Schematic diagram of the DEP phenomenon.

2.5.2 Electrodes for DEP-Based Cell Patterning

Electrode devices designed specifically for cell patterning have particular
requirements that differentiate them from other applications. Significant considerations
in the development of electrode cell patterning include electrode geometry and
dimensions for specific cell patterning and culture, as well as the patterning configuration
used for DEP cell manipulation. Therefore, one must be aware of all the possible choices
to ensure that the design is in line with the desired application. This section highlights the
several types of geometry that exist, specific configurations to control the patterning of

liver cells.

2.5.2.1 Electrode Geometry

In order to dielectrophoretically move the cells, a non-uniform electric field is
necessary to generate an unbalanced force on the suspended cells in the field. The non-
uniform field can be created by applying a voltage across geometrical electrodes (Bashar

Yafouz, Kadri, & lIbrahim, 2013; Yao, Zhu, Zhao, & Takei, 2019), by placing an insulator
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between electrodes (Ozuna-Chacon, Lapizco-Encinas, Rito-Palomares, Martinez-Chapa,
& Reyes-Betanzo, 2008; Saucedo-Espinosa & Lapizco-Encinas, 2015; Srivastava,
Gencoglu, & Minerick, 2011) or even electrodeless (Chiou, Pan, Chien, Lin, & Lin Jr,

2013; Chou & Zenhausern, 2003; Pesch, Kiewidt, Du, Baune, & Thoming*, 2016).

A wide range of electrode geometries has been demonstrated for patterning multiple
types of cells with different formations (Khoshmanesh, Nahavandi, Baratchi, Mitchell, &
Kalantar-zadeh, 2011). The most common and cost-effective microfabrication technique,
photolithography, can precisely form electrode gaps to create pearl-chain effects with the
use of specific DEP configurations (Kretschmer & Fritzsche, 2004; Bashar Yafouz et al.,
2013). This approach was proven to provide significant effects in the patterning of
complex and interconnected heterogeneous liver cells. Ho and colleagues, with their
proposed microfluidic chip, have designed an array of concentric-stellate-tip electrodes
to yield radial-patterned electric fields for dielectrophoretically manipulating viable liver
cells (C.-T. Ho, R.-Z. Lin, W.-Y. Chang, H.-Y. Chang, & C.-H. Liu, 2006). As illustrated
in Figure 2.6, the concentric-ring array electrodes were designed to generate radial

electric fields with random pearl-chain effects.

Figure 2.6: Concentric-stellate-tip electrode for 2D liver cell patterning.
Reproduces with permission (C.-T. Ho et al., 2006).
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To further form and align the hepatocyte cell chains with radial orientation, each ring
included stellate tips to enhance the electric field gradient, thereby attracting the cells.
The gaps between the adjacent rings were fixed at 100 pm to trap approximately 8 cells
in a line. Such 2D concentric-stellate-tip electrodes were designed to purposely mimic
the lobular structure of biological liver tissue, in which vascular endothelial cells were
then trapped in between hepatocyte cell chains radiating outward from the center by DEP

manipulation.

However, recently, Ho and other researchers have made some modifications in the
electrode arrangement to achieve 3D liver cell patterning by generating a vertical DEP
force, as shown in Figure 2.7a (Ho et al., 2013). In addition, they also made some changes
to the liver-mimetic electrode design, which consists of two independent electrodes as
shown in Figure 2.7b. The first DEP patterning electrode functions to snare hepatocytes,
while the second electrode is for snaring endothelial cells. Moreover, just as in the
previous design, the outer part of both electrodes has a compact electrode design for

denser cell patterning.

(@)

(b)
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Figure 2.7: (a) Vertical setup for 3D heterogeneous cells patterning by DEP. (b)
The lobule-mimetic-stellate-electrode arrays for 3D liver cell patterning.
Reproduced with permission (Ho et al., 2013).

In another strategy, Schiitte et al. (2011) utilized insulator-based DEP cell patterning
to guide human primary hepatocytes and endothelial cells into a liver-sinusoid pattern.
Moreover, their microfluidic chip also provided continuous perfusion of culture media
and automated cell seeding. A set of electrodes in the sidewalls of the microchannels with
cross-sections in between was used to generate non-uniform electric fields to produce
DEP force to guide hepatocytes surrounded by endothelial cells towards the assembly
gaps in the well-designed cell culture chambers. By increasing the height of the gaps to
100 um and decreasing the inclination angle to 30°, the numerical simulation results
showed that the cells could experience high DEP forces to further assemble into the gaps
in a liver sinusoid-like pattern within 2 minutes. Furthermore, the micropillars placed at
the front and back of the assembly gaps were also found to successfully control the flow
velocity and shear stress during cell seeding and culture. However, ongoing research for

long-term sinusoid cell culture on-chip is still in progress; more parameters still need to

be investigated, such as electrical effects on the cells and the essential culture conditions.

2.5.2.2 Patterning Configuration

Live cells can maintain their viability under strong DEP force under many conditions.
Applying high-voltage electric pulses may cause cell damage such as
electropermeabilization due to the high permeability of the cell membrane. Nevertheless,
short-term exposure to certain ranges of frequency showed few acute changes in cells
under DEP force (Glasser & Fuhr, 1998). Furthermore, high-frequency electric fields can
indirectly reduce electrochemical effects at the electrode, such as corrosion and bubble
formation (Voldman, Gray, Toner, & Schmidt, 2002). In terms of DEP manipulating
buffer, a high-conductivity buffer is required to keep cells alive and to maintain their

adherence capability. Media containing high concentrations of Ca?* and Mg?* ions are
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favorable for activating cadherins and integrins, molecules needed for cell adhesion
(Grzesiak & Pierschbacher, 1995). However, a low-conductivity buffer is required for
effective DEP cell manipulation. In addition to significantly reducing the heating effect,
reducing the medium conductivity can minimize the electropermeabilization effect

(Pucihar, Kotnik, Kanduser, & Miklav¢ic¢, 2001).

As described earlier, cells can be configured either by pDEP or nDEP, depending on
the working frequency. In the case of cell patterning, pDEP is more appropriate because
it attracts and assembles cells exposed to a high electric gradient according to the
electrode geometry. There were also some studies that utilized nDEP for cell patterning.
After an AC voltage was applied, nDEP forces pushed the cells away from electrodes yet
still reflected the electrode shape (Matsue, Matsumoto, & Uchida, 1997). Moreover, an
inverted design can also be used under nDEP for patterning (Yu et al., 2004). However,
aside from the smaller forces generated by nDEP, the main disadvantage for cell
patterning is that the cells are unlikely to remain in the pattern design and rapidly move

out of the design after removing the DEP force.

Both horizontal and vertical pDEP have been proven to successfully pattern
hepatocytes and endothelial cells according to designed electrodes, closely mimicking the
morphology of real liver tissue (C.-T. Ho et al., 2006; Ho et al., 2013). In early electrode
designs, horizontal DEP forces were generated by two concentric electrodes placed on
the same plane, identified as odd-ring and even-ring, which were subjected to an AC
voltage. To achieve both robust DEP forces and high cell viability, the parameters were
set to be below 5 V at 1 MHz with a low-conductivity medium of 10 mS-m™. Upon
voltage application, in parallel, pDEP forces guided the randomly distributed hepatocytes
towards the high potential region provided by the stellate tips, and the cells aggregated to

it. The optimum cell density achieved then resulted in strong interactions between the
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cells due to the dipole induced by DEP and eventually formed a radial pearl-chain pattern
from tip to tip (Schwan & Sher, 1969). To ensure high hepatocyte viability, the DEP
manipulating buffer was replaced by a standard cell culture medium without DEP
presentation for some time. The pearl-chain formation allowed direct communication
between cells, thus enhancing the adherent forces and preventing the well-patterned
hepatocytes from falling apart. In addition, prior to the experiment, the substrate was
coated with poly-D-lysine to facilitate the immobilization of the hepatocytes on the
substrate and maintain the liver-like formation. Later, continuing the pDEP manipulation,
endothelial cells were loaded and resided in the empty spaces between the hepatocyte
chains, mimicking the sinusoid pattern of vascular endothelial tissue in the real liver. In
another arrangement, Ho et al. (2013) utilized vertical pDEP across two lower electrodes
for trapping cells, and upper electrodes acted as ground electrodes biased with an AC
voltage. The first electrode, as depicted in Figure 2.7b, was supplied with vertical pDEP
voltage to attract, trap, and pattern hepatocytes according to the electrode design. Then,
pDEP forces were again used to move, snare and pattern endothelial cells according to
the second electrode design, which sandwiched them between the first patterned
hepatocytes to attain a heterogeneous cell pattern mimicking the morphology of

biological tissue.

2.5.2.3 Types of Electrode Commonly Used for DEP

One of the essential parameters of the DEP system is the electric field gradient
generated by electrodes or electrodeless/insulator structures. Herein, we focus on the
types of the electrode and the structure itself (i.e. 2D and 3D) while the microfabrication

of the electrode will be discussed in the next Section 2.6.

Traditionally, most of the DEP work use a metal electrode with a 2D planar structure

confined in the microchannel to induce a non-uniform electric field in the sample since
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metal is a good conductor. However, the 2D planar electrode only affects the movement
of particles that close to the surface of the electrode which usually patterned at the bottom
of the microchannel. Alternatively, a variety of 3D electrode structures have been
developed such as sidewall-patterned, top-bottom patterned, and extruded vertical

electrode (M. Li, Li, Zhang, Alici, & Wen, 2014).

The use of a 3D structure can generate DEP force over a larger volume within the
microchannel. Nevertheless, the fabrication involving the 3D metal electrode turns out to
be a more complicated technique and costly relative to the 2D metal electrode. Besides,
electrolysis regularly happens when the metal electrode is in direct contact with the
sample caused by the excessive applied voltage. For example, Voldman et al. (2002) used
electroplated extruded gold electrodes to induce DEP on cells for flow cytometry
application. L. Wang, Flanagan, and Lee (2007) has also been used the electroplating
technique to implement arrays of 3D electrodes on the sidewall of the microchannel and

used DEP to align a stream of particles.

An alternative to metal electrodes is to use insulator structures placed in the
microchannel to distort the electric field applied to electrodes placing at the inlet and
outlet of the microchannel. This insulator-based dielectrophoresis or iDEP was first
introduced by Masuda, Itagaki, and Kosakada (1988). iDEP usually fabricated from glass
or polymers, hence the chance of sample electrolysis is decreased (Davalos et al., 2008;
Lapizco-Encinas, Davalos, Simmons, Cummings, & Fintschenko, 2005). However, iDEP
involves very high voltages to produce an appropriate electric field for DEP due to large
separation between metal electrodes which increase the threat of electrical shock during

operation (Braff, Pignier, & Buie, 2012).

In 2005, C. Wang, Jia, Taherabadi, and Madou (2005) introduced a novel method of

fabrication 3D glass-like carbon electrode using CMEMS. Over the years, carbon-
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electrode dielectrophoresis or known as carbon-DEP has been documented in numerous
applications due to the advantages offered compare to traditional DEP. The ability to be
developed in high aspect ratio with inexpensive and simplicity of their fabrication has
greatly improved the yield and efficiency of the DEP device by decreasing the mean
distances of particles to the closest electrode surface. Carbon-DEP becomes as an
alternative electrode material for DEP because it combines the advantages of metal-based
DEP and iDEP. For instance, because of the carbon electrode feature a wider
electrochemical stability window, a higher electric field can be applied without
electrolyzing the sample, an advantage mutual with iDEP. While an advantage mutual
with metal-based DEP, instead of hundreds or thousands of volts required in iDEP to
induce DEP, the carbon electrode can taking low voltages in the range of ten volts to be
polarized and generate an appropriate electric field for DEP. Additionally, glass-like
carbon is chemically inert in solvents, make it resistant from strong acids such as
hydrofluoric, nitric, sulfuric, and other corrosive substances. Significantly, glassy-like
carbon has outstanding biocompatibility that allows its application in biomedical studies

including implants, scaffolds, and as the substratum for cell culture.

These DEP-based cell patterning techniques can be efficient, high throughput, and
reproducible, but it is necessary to identify the critical parameters as depicted in Table

2.2 to conserve the cell viability and functionality.
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Table 2.2: Comparison of electrode design parameters for DEP-based liver cell patterning.

ic Fi Electrode
Electrode Electrode . Electrode Volta}ge Electric Field . Cell
. . Electrode Material Applied Generated Resistivity - Reference
Geometry Configuration Structure V) (Vim) @Q@m) Viability
Concentric- Horizontal . (C.-T.Ho et
. Metal: Pl 2D 10° 107 %
stellate-tip pDEP etal: Platinum S \\ N 0 95% al., 2006)
Radially . o " 5 (Puttaswamy
geometric Vertical NDEP Metal: Titanium 2D 2 2x10 10 92% et al., 2010)
Lobule-mimetic- /o tical nDEP Metal: Platinum 2D 5 1x 101 107 na o (RA.Chen&
stellate Liu)
. . (Y.-S. Chen,
H I . Pol PEG-DA) + .
epaticradial -\ Gooippgp | COlymer (PEG-DA) 3D 7 N/A N/A N/A Ke, & Liu,
electrode Titanium electrode 2011)
Parallel sidewalls Horizontal Insulator (COC) + Gold (Schutte et al.
D 2 2x10° 10° % ’
electrode pDEP Electrode 3 00 x 10 0 90% 2011)
Lobule-mimetic- . . . 5 (Hoetal,
stellate Vertical pDEP Metal: Platinum 2D 5 3x10 10 95% 2013)
Multi-layer . (Chu, Huan,
conductive Vertical ppEp | Conductive Polymer 3D 60 2 x 10 10 77% | Mills, Yang,
scaffold CERQ & Sun, 2015)
Multi-layer N £
+ -S.
hexagonal Vertical pDEP ) euhelectrode 3D 7 2 x10° N/A 95% (Y.-S. Chen et
electrode Hydrogel (GelMa) al., 2015)



2.6 Carbon MEMS (CMEMYS)

Carbon MEMS can be referred to as microfabrication technology involve the set of
methods to derive glass-like carbon structures from patterned organic polymers.
Commonly, the CMEMS process includes two phases: 1) micro- and nano-fabrication
techniques including machining, stamping, casting, and lithography 2) follows by
pyrolysis to derive glass-like carbon structures. Herein, photolithography is utilized to
pattern the polymer using light, due to the ability to finely control the final dimension and

complexity of the precursor polymer structure. Photolithography of SU-8

The organic polymer that commonly used as a carbon precursor is SU-8, an epoxy-
based negative photoresist. It was developed by IBM back in the late 1970s, composed
of dissolution of EPON® SU-8 resin in an organic solvent (such as propylene glycol
methyl ether acetate, PGMEA, cyclopentanone or gamma-butyrolactone, GBL) and an
additional 5% to 10% in weight of salt (triarylsulfonium hexafluoroantimonate) as a
photoinitiator (Ito, 1997). The viscosity of the photoresist is distinct by the ratio of SU-8
resin to the solvent, enable the range of resist film thickness. Due to its low absorption in
the ultra-violet (UV) spectrum, it allows to pattern high aspect ratio structure with closely
vertical sidewalls. The cross-linking of the SU-8 initiate upon the irradiation by UV light,
generation of strong acid that opens the epoxy rings and acid-catalyzed activated during
the post-exposure bake. However, the properties of the SU-8 are very subtle to the

variations of the processing parameter (Feng & Farris, 2002).

Typically, SU-8 photolithography involves a set of processing steps: photoresist
coating, soft bake, exposure, post-exposure bake, and developing. This entire process
should be optimized for the specified application. A photomask is designed to enable the
selective passage of UV light through the photoresist layer and changes its chemical

composition by cross-linking according to the desired pattern. Cross-linking of the
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photoresist influenced by the combination of exposure dose (energy and time) and post-
exposure bake time and temperature. The detail on SU-8 photolithography processing

steps is presented in Section 3.3.3.1.

2.6.1 Pyrolysis and Glassy Carbon

Upon photolithography, carbon structures are obtained through a pyrolysis process.
Pyrolysis or also known as carbonization is a thermochemical decomposition process to
convert photosensitive polymer into carbon in an inert atmosphere. During carbonization,
several chemical reactions happen such as condensation, dehydrogenation, hydrogen
transfer, and isomerization. (Fitzer, Mueller, & Schaefer, 1971; Jenkins & Kawamura,
1976; Rodrigo Martinez-Duarte, 2014). Table 2.3 resumes the chemical reactions happen

during three major steps of the pyrolysis process.

Table 2.3: Chemical reactions during the carbonization process.

Step Pre-carbonization Carbonization Annealing (>1200°C)
(<300°C) (300°C-500°C)*
(500°C- 1200°C)?

Reactions | Elimination of Elimination of Graphitic zones start to
molecules of oxygen, nitrogen, form. Eliminate any
solvent and chlorine. Form structural defects and
unreacted monomer | conjugated carbon evolve further
of the polymer system and hydrogen | impurities.

atoms being removed.

2Completely
eliminate all the
elements and
interconnect the
aromatic network.

The resulting carbon material for the process above is usually glassy carbon (GC).
Glass-like appearances such as smooth, shiny, and conchoidal fracture surely reflect the

name. GC has a carbon allotrope that exhibits excellent properties such as wider
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electrochemical, high impermeability, and high conductivity (Mardegan et al., 2013).
This carbon network is self-polymerize and depends on several factors that may modify
the graphitization including the chemical structure of the polymer precursor, fabrication
technique, and pyrolysis condition. For example, Mardegan et al. (2013) found that
electrochemical performance has improved by extending the dwell times from 1 hour to
8 hours. However, there is no increase in graphitic content observed using Raman
spectroscopy and X-ray diffraction (XRD) due to the low sensitivity for small sample
volume such as thin carbon films. On the other hand, as the thickness of the carbon film

decrease, the resistance increase and no longer suitable for electrochemical applications.

The SU-8 patterned shrink during pyrolysis due to the mass loss when the elimination
of elements such as oxygen and hydrogen. The shrinkage commonly involving both
vertical and lateral while holding the SU-8 original shape. Vertical shrinkage percentage
varies from 37% to 86% and is found to be inversely proportional to the height of SU-8
and directly proportional to the pyrolysis temperature (Martinez-Duarte et al., 2011).
However, shrinkage obtained in the lateral plane is lesser than the vertical plane because
the SU-8 patterned are attached to the substrate surface and avoids further shrinkage of
the diameter. Shrinkage of the free-standing SU-8 structure has been shown to be

isometric (R Martinez-Duarte, Madou, Kumar, & Schroers, 2009).

This shrinkage has been shown repeatable for specific dimensions of the SU-8 pattern
and the pyrolysis protocol. Though, there are several parameters that give impacts on the
shrinkage of the polymer. Ranganathan, Mccreery, Majji, and Madou (2000) reported that
besides different temperatures, different ambient atmospheres also affect the shrinkage
process; nitrogen generally initiated more shrinkage as compared to the vacuum
atmosphere. Other authors also showed that the shrinkage influenced by the temperature,

as the temperature increase from 600 °C to 1000 °C the shrinkage is slightly increased
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(Park, Taherabadi, Wang, Zoval, & Madou, 2005; Singh, Jayaram, Madou, & Akbar,
2002). The effect of initial dimensions was studied by Natu, Islam, and Martinez-Duarte
(2016), who reported that the shrinkage depends on the area accessible for degassing
during carbonization. Hence, the ratio of the lateral and vertical surface area is
significantly influenced. Recently, they also showed that the geometry of the pattern plays
a major role in determining the shrinkage of the polymer (Natu, Islam, Gilmore, &
Martinez-Duarte, 2018). Thus, once the shrinkage is characterized appropriately, it can

be reproducible for a production process.

2.6.2 Internal Resistance of Carbon Electrode
In an electrode material, there is a voltage drop due to the internal resistance of the
material. High internal resistance plays a role affecting the DEP performance as the

current to the electrical potential becomes larger according to Ohm’s law in Eq. (2.4):

E = IR (2.4)

where E is the electrode potential, R is the resistance and 1 is the current. One potential
disadvantage of the 3D carbon electrode is it has a voltage drop due to the Ohmic
resistance. This resistance is generated by the thin connecting leads at the base of the 3D
structure as well as from the function generator, hence requiring higher voltage than those
applied in the metal electrode. Nevertheless, a voltage range of 20 V has been verified to
be adequate to generate an appropriate DEP force for biological cell manipulation when
using carbon electrodes (Rodrigo Martinez-Duarte, Gorkin 111, Abi-Samra, & Madou,

2010; Martinez-Duarte et al., 2011).

Towards minimizing the internal resistance, introducing nanostructure such as
graphene can be promising. Graphene is one of the highest studied materials over a decade

since it has remarkable properties (Geim, 2009). The integration of the carbon
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nanostructures onto the carbon electrode shows many advantages, i.e. increase surface
area, enhanced conductivity, and improved optical properties. One method was to
integrate graphene nanosheets through both photolithography and electrostatic spray
deposition (ESD) processes onto the carbon micropillar array (Penmatsa et al., 2012). The
main parameters such as deposition time, substrate temperature, and nozzle-substrate
distance were shown to have a morphology effect of the layered graphene film. This
graphene/carbon micropillar shows a significant increase in effective surface area which
is favorable to improve the electrical functionality of the electrochemical device. In
another study, the ESD technique was also used to deposit graphene/enzyme onto the 3D
carbon microstructures (Song, Chen, & Wang, 2015). This excellent integration exhibited
almost seven times of improved power density as compared to the bare carbon

microstructures.

To the best of the author’s knowledge, there are no publications on the graphene-based
3D carbon electrode for DEP applications. It will be incredible to further enhance the
performance of DEP manipulations with the integration of graphene into the 3D carbon
electrode. Besides, other efforts are on the patterning of carbon electrodes on top of metal

leads to extra minimize the voltage requirements.

2.7 Summary

This chapter highlighted several works of literature related to this study. First, brief
detail about liver structure and functions have been discussed. Several of engineering
approaches for in vitro liver cell culture to treat liver disease and failure were outlined
where micropatterning by DEP was highlighted. Next, the theory on DEP phenomena
was presented along with a discussion about types of electrode usually used for DEP.

Finally, reviewed on CMEMS microfabrication technology to fabricate the proposed
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carbon electrode that will be used in this study for potential dielectrophoretic hepatic cell

patterning.
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3.1

CHAPTER 3: METHODOLOGY

Introduction

This chapter generally discussed the design, simulation, microfabrication process, and

characterization of the fabricated 3D carbon-DEP system for the use in particle patterning

as summarized in the flowchart shown in Figure 3.1 below:

Objective 1

Objective 2

Obijective 3

Electrode Design

'

Electrode Simulation

Does electrode’s
electric field up to
105 V/Im?

Electrode Fabrication

v

Does the electrode
achieve micro-scale
heiaht?

Develop fluidic and
electrical network

NO

Electrode
Characterization

Does the electrode
resistivity
comparable to the
allowable resistivitv?

Proof-of-concept using
polystyrene microbeads

Is the experiment
proof the DEP
concept?

Conduct DEP patterning
experiments using proposed
electrode desian

Figure 3.1: Flowchart of methodology.

NO
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First, the system begins with electrode design and geometry which are the crucial part
of the application in cell patterning. The design will be optimized by numerical analysis
using COMSOL 4.2a in order to achieve a high throughput of DEP effects. Next come in
the CMEMS microfabrication process which is divided into two sub-process which are
photolithography and pyrolysis. There are three types of sample: Sample 1, Sample 2 and
Sample 3. Fabrication process for each type of sample is repeated for three times and the
results are averaged. Thus, in total there are nine samples to be examined. To complete
this LOC system, the microfluidic platform, the electrical and fluidic connection will be
designed and fabricate accordingly. Furthermore, this chapter also explains how to
characterize the fabricated carbon electrode and describe in detail the experimental setup
for DEP proof-of-concept and microbeads patterning. One representative sample for each
type of sample has been used for the DEP experiments. Each experiments were repeated
for three times to get the averaged measurements.

3.2 Design and Optimization of Electrode Based on Simulation Analysis
3.2.1 Electrode Design

Regardless of the electrode material, cell patterning for tissue engineering using DEP
is strongly dependent on the design and configuration of the electrode. The idea of closely
mimic the biological design of tissue or organ is reflected in the electrode shape. Hence,
based on the literature review specifically on the design parameters as can be referred in
Table 2.2, a microarray of the hexagonal radiating-strips electrode is designed to reflect

the hepatic plates of the biological liver as depicted in Figure 3.2a below.

The liver consists of over a million of hepatic lobules which are morphologically
shaped approximately like an array of hexagon plate. Each lobule contains cords of liver
parenchymal cells, they are hepatocytes, radiating from the central vein and separated by
a hepatic sinusoid and another non-parenchymal lining of cells as illustrated in Figure

3.2a.
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(@) (b)

Figure 3.2: (a) Hlustration of a single unit hepatic lobule. (b) Electrode design of
a unit of the hexagonal radiating-strips electrode array.

Hepatocytes are organized in such complex and unique structure for the reason of
optimal contact with the interlobular vein, artery, bile ducts as well as other cells. This is
essential for the liver to perform the broad range of liver function hence the significance

of the hepatic cell patterning (Stevens et al., 2013).

The basic unit of the electrode design is to mimic the morphology shape of the native
hepatic lobule. To form the radial pattern of the biological lobule, the hexagonal radiating-
strips electrode is designed with each strip has the width of 20 um and length of 300 pm
radiating the connecting 80 um circular electrode in the center with 30° angle as shown
in Figure 3.2b. Each strip extends out from the center to the length of 300 pum for capturing
about 20 - 25 hepatocytes in the case of an adult liver (Fausto & Campbell, 2003). To
create a 3D patterning effect, the proposed design is extruded to a certain height relative
to a constant 100 um of chamber height. Table 3.1 below shows the design specifications
to optimize the hexagonal radiating-strips electrode and further details on electrode

geometry and configuration will be discussed in Section 3.2.2.
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Table 3.1: Design specifications for hexagonal radiating-strips electrode

optimization.
Parameter Value
Electric field, E 10° V/m

Voltage applied range, V 1-20 vV

Frequency range, w 5 kHz — 200 MHz
Electrode width, w 20 um

Electrode gap, ¢ 10 — 40 pm
Electrode height, h 20 — 80 um

3.2.2  Electrode Simulation by COMSOL

Electrode configuration strongly affects the DEP force acts on the particles. Therefore,
designing an appropriate electrode configuration is an essential step to archive an efficient
DEP patterning. Equation 2.1 shows among other parameters, DEP force, Fpep is a
function of electric field gradient, VE2. Thus in the order to simulate the cell trajectories,
the spatial variation of VE2 which denotes the root-mean-squared of AC potential must
be identified. For the simulation works obtainable here, the electric field is determined by

the Laplace equation which can be expressed as in Eq. (3.1):

V2V =0 (3.1)

where V denotes the AC voltage applied to the electrode. The subsequent electric field

isas in Eq. (3.2):

E=-VV. (3.2)

In this study, the electric field intensity of two electrode configurations was determined

and compared in terms of uniformity that will contribute to better cell patterning. Using
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the most uniform DEP configuration, electrode geometries were then optimized to

enhance the electric field thus DEP effects to cell manipulation.

The method used for modeling and simulating the novel designed electrode was
numerical techniqgue. COMSOL Multiphysics 4.2a, the finite element software was used
and the AC/DC module was selected. The application was in 3D mode and a steady-state
electric field current module was used to simulate the electric field at a specific frequency.
A block dimension of 2.0 x 2.0 x 0.1 mm?, defined as deionized (DI) water was designed
on top of the electrodes as the conducting media and representing the microfluidic
channel, H. DI water relative permittivity and conductivity were set to 78 and 2 x 10
S/m, relatively while GC was defined as the electrode metal. Suitable boundary
conditions were applied to the simulation models. Extra fine tetrahedral meshing was
performed to segment the geometry into smaller domains called elements. To simplify

the numerical computation, a few assumptions are used as follows:

i.  The simulation was done only for a single unit since the electrodes are
distributed periodically.
ii.  The electrodes are assumed to be perfect conductors and the effect of inductive
of the system is neglected.
iii.  Laplace equation (Equation 3.1) is used and it is assumed that there are no

electric charges inside the channel.

3.2.2.1 Uniform Electric Field Distribution

This simulation was performed to observe which configurations generate a more
uniform electric field for the novel electrode design. Figures 3.3a and b illustrate the
vertical configuration of the microfluidic system with a single GC as the working
electrode while on top of the microfluidic channel is the indium tin oxide (ITO) layer as

the counter electrode with the dimension of 2.5 x 2.5 x 0.01 mm?®. Figures 3.3c and d
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illustrate the horizontal configuration of the microfluidic channel featuring GC as both
working and counter electrodes. This configuration displays where the counter electrode
was designed to interdigitate the working electrode to generate the non-uniform electric
field. The boundary of the electrodes was set to 10 V and -10 V as shown in the figure
and the frequency was set to 100 MHz to induce pDEP. The channel height, H was set to
be 100 um, and electrode thickness, h was 20 um for both configurations. In order to
analyze the distribution and difference between two electrode configurations, the
intensity profile of the electric field was presented on a cut-line (z = 0 mm) from point A
to B as shown in Figures 3.3a and d. Cut-plane as shown in Figure 3.3c was used to

optimize the electrode height.

@ (b)
ITO
Electrode
(Top)
| < v
A ® i )| N
Channel, H \
(Middle) Glassy Carbon
Electrode
(Bottom)
(c) (d)
Glassy
carbon
electrode
A B. | <« +V
/‘ —
e e
Channel, H Cut-plane g

Figure 3.3: Electrode setup and boundary condition exerted for numerical
simulation. (a) and (b) 3D and side view of vertical configuration, respectively. (c)
and (d) 3D and top view of horizontal configuration, respectively.
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3.2.2.2 Optimization of Electrode Design

The gradient of the generated electrical field which determines the DEP force on cells
depends on several factors such as electrode geometry and applied voltage. In order to
optimize the selected electrode structure for optimum dielectrophoretic cell patterning,
the distribution of the electric field in various electrode gaps and electrode heights were
compared. The electrode gap was varied from 10 um, 20 pm to 40 um with a constant
electrode height of 20 um, and the surface electric field distribution was plotted. The
simulation was continued by varying the electrode height from 20 um, 50 um to 80 pm
with a constant electrode gap of 20 um at the cut-plane shown in Figure 3.3c. Using the
selected optimum geometry, the effect of voltages applied on electric field strength is

attained for different applied voltages and discussed.

3.3 Fabrication and Characterization of 3D Carbon Electrode for Lab-on-a-
chip (LOC) Development

The LOC system comprising 3D carbon electrode arrays was fabricated using the
CMEMS process comprising standard photolithography technology and thermochemical
decomposition of a polymer called pyrolysis as illustrated in Figure 3.4. This microfluidic
system consists of three layers where the bottom part comprised electrode arrays with
respective connecting leads and insulating layers, the top part act as a cover with a fluid
port feature, and the middle part is the chamber where the experiment takes place. A

schematic diagram of the microfluidic system is shown in Figure 3.5.
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Figure 3.4: The flow of the CMEMS fabrication process. (a) Spin coating of SU-
8 polymer onto silicon dioxide substrate, (b) UV exposure through photomask for
polymer cross-linking, (c) development of crosslinked SU-8 post, and (d) 3D
carbon post after pyrolysis.

Figure 3.5: A schematic diagram of the microfluidic system for DEP cell
patterning.
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3.3.1 Photomask Design

Prior to the electrode fabrication procedure, a photomask is necessary to transfer the
electrode pattern on the photoresist. The electrode geometry was designed using
AutoCAD® software (Autodesk Inc, California, USA) according to the results obtained
in the simulation part and in a way that matches with negative photoresist as depicted in

Figure 3.6.

(@)
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Figure 3.6: Photomask designed using AutoCAD (dimension in mm), (a) 3D
pattern structures, and (b) connecting leads for electrical connection.

In the case of negative photoresist, the white area on the photomasks will be cross-link
upon UV exposure and remain after the SU-8 developing process. Since there are two
photomasks, alignment marks are crucial to accurately align both photomasks. Four
squares surrounding one cross shape marks were placed at each corner of the photomasks

as shown in Figure 3.7.

Figure 3.7: Alignment mark for photomasks alignment.
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3.3.2  Substrate Treatment

Silicon dioxide, SiO2 (100 mm diameter with 5000 A of O thermally deposited)
wafers were used as the substrates for the entire CMEMS (photolithography and
pyrolysis) process. The oxide layer acts as an insulator to the contacts and electrodes from
the underlying silicon. An epoxy-based negative photoresist, SU-8 from MicroChem, US

was chosen as the carbon precursor of the electrode material.

The wetting behavior of the substrate surface is crucial to obtain well substrate-resist
adhesion. Upon substrate cleaning, the substrate surface was likely to be hydrophilic
because of all the solvents used. Besides, the humidity of the environment also gives a
hydrophilic effect on the surface properties and its impact on adhesion (Luo & Wong,
2005). Such behavior generates a layer of moisture which triggering the delamination of
the coated photoresist from the substrate and consequently thwart the entire
photolithography proses. The main method used to evaluate the wettability of the solid
substrate surface is the contact angle. By means of contact angle, it defines the behavior
of a liquid droplet on a surface in air and is described as the angle between the tangent at

the three-phase point and the surface.

For optimum performance and reliability of the substrate, appropriate surface
treatment before photoresist coating is a key requirement. In this study, the treatment is
to dehydrate the substrate in an oven for some time at 120 °C. Prior to that, it is essential
to analyze the surface wettability of the SiO2 substrate during high humidity (78%) and
low humidity (58%) using a water contact angle. This is to determine in which humidity
condition is the best to work at. Static contact angle measurements with sessile drop (4
ul) technique were performed at room temperature using an OCA-20 contact angle meter
and analyzed using a SCA20 software. Reported contact angles are the average of at least

5 different points of measurements.
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Next, the dehydration treatment was done at the best humidity condition as has been
identified earlier. After samples cleaning, three of the samples were treated in the oven at
120 °C for different periods; 30 min, 4 h, and 12 h. Another sample was untreated and set
as a control sample. Right after the treatment, the water contact angle for each sample
was measured and analyzed. The contact angle was measured shortly after droplet
deposition on the samples to minimize the evaporation. However, enough time was
allowed for the droplet to spread on the surface of the samples. The elapsed time between
deposition and measurement had to be fixed and then replicated for each droplet during

contact angle measurement. Ellipse fitting mode was used for the entire measurements.

Following, each sample were undergone the CMEMS microfabrication process to
examine the final yield. The details of the process will be explained in the next section.
The surface morphology of the pyrolyzed SU-8 was then analyzed using Scanning
Electron Microscope (SEM) (Phenom ProX). These procedures were repeated three times

for each sample, and both the average value and standard deviation were attained.

3.3.3  Electrode Microfabrication
3.3.3.1 SU-8 Photolithography

. Two different viscosities that are SU-8 2015 and SU-8 2025 were used to fabricate
the connecting leads and the 3D pattern structures, respectively. Spin coating of the
photoresists was done using a Laurell spin coater and an MDA-400M (MIDAS, Korea)

mask aligner was used for UV exposure and aligning.

Two-step of the photolithography process was done as the first layer for the connector
while the second layer for the 3D structure as shown in the flowchart of Figure 3.8. The
process parameters to fabricate 2D and 3D SU-8 structures on SiO. substrate are
summarized in Table 3.2 and 3.3. This process is repeated three times for each sample

and the result is averaged.
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Figure 3.8: Flowchart of the SU-8 photolithography process.

Table 3.2: Spin programs and resultant SU-8 layer.

First step - spread Second step — thickness
Sample | SU-8 definition Tsu-s
S a t(s) S a t (s) (um)
(rpm) | (rpm/s) (rpm) | (rpm/s)
First layer (connecting lead)

1 2015 500 200 15 4000 350 45 13

2 n/a n/a n/a n/a n/a n/a n/a n/a

3 2015 500 200 15 4000 350 45 13

Second layer (electrode structure)

1(3D) 2025 500 200 15 1000 350 45 38
2(2D) | 2015 500 200 15 4000 350 45 13
3(3D) | 2025 500 200 15 1000 350 45 38

Notes: s = speed, a = acceleration, t = time, Tsu.s = expected thickness of the SU-8 layer
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Table 3.3: Fabrication process for all structures.

Soft bake ExDOSUre PEB
samole (minutes) P (minutes) Development
P At At Dose Time At At (minutes)
65°C | 95°C | (mJ.cm?) (s) 65°C | 95°C
First layer (connecting lead)

1 3 3 130 30 2 2 3

2 n/a n/a n/a n/a n/a n/a n/a

3 3 3 130 30 2 2 3

Second layer (electrode structure)

1(3D) 3 5 160 40 2 4 5
2 (2D) 3 3 130 30 2 2 3
3(3D) 3 5 160 40 2 4 5

(@) Substrate Cleaning and Dehydration

Several ranges of cleaning techniques are available depending on the substrate and
contaminants. Herein, a SiO. wafer as purchased from University Wafer (South Boston,
MA), was washed under a stream of DI water, rinsed with acetone and isopropyl alcohol
(IPA), and dried using a nitrogen gun, in that sequence. The acetone used to remove
organic impurities, followed by IPA which removes contaminated acetone before it can
form smudges on the substrate. In order to increase yield, prior to spin coating of
photoresist, the cleaned wafer was then dehydrated in a convection oven set at 190 °C

overnight.

(b) Photoresist Coating
Multiple of SU-8 photoresist viscosity were used to fabricate patterns of different film

thicknesses on a substrate. SU-8 2015 was used to fabricate the first layer that becomes
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the connecting leads and pads while SU-8 2025 was used to fabricate the second layer

that forms patterns for the 3D structure.

The most common technique to deposit photoresist under 1mm thickness is spin
coating since the spin coater is programmable and easy to optimize until the desired of
the film thickness is achieved. The optimal volume of photoresist is deposited directly
from the bottle to the center of the substrate as shown in Figure 3.9. Spin speed, spin
acceleration, and spin duration were set to a value suggested in the processing datasheet
provided by MicroChem to achieve certain film thickness and were optimized
accordingly. The substrate is held in place by a vacuum-actuated chuck and centrifugal
force acting during spinning helps to spread the photoresist uniformly. Table 3.3

presenting all the spin programs and resultant layer thickness used in this work.

Figure 3.9: Photoresist coating using a spin-coater.
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(c) Soft Bake

Soft bake also known as pre-exposure bake is a step to evaporate the solvent in
photoresist coating the substrate. The soft bake process was done using a hotplate set at
65 °C and 95 °C. These two steps baking is to reduce thermal stress and to control the
evaporation rate. Baking times vary from 1 to 60 minutes subject to the type of SU-8 and
layer thickness. Apparently, the thicker layer required longer baking time to completely
remove the solvent, since incomplete evaporation of the solvent will interrupt during the
exposure step. Besides, the use of a hotplate instead of a convection oven also aids to
evaporate faster, well-regulated and minimizing trap solvent especially for the thick
layers (C. Wang et al., 2005). While in the convection oven, the solvent at the surface is
evaporated first, creating an impenetrable resist skin and trapping the residual solvent
inside. Table 3.3 includes the soft bake times and temperatures used in this work

depending on the type of SU-8 and layer thickness.

(d) UV Exposure

Next, the soft baked substrate is transferred to the exposure system (mask aligner) as
shown in Figure 3.10 where it is aligned to the patterns on a photomask as illustrated in
Figure 3.6. The duty of the exposure system is to provide UV light with optimal intensity,
uniformity, and directionality across the substrate, letting a close to perfect transfer of the
mask pattern on to the photoresist. Upon UV light is exposed, the photoacid generator
(triarylsulfonium hexafluoroantimonate salt) is activated to initiate the polymerization of
SU-8 during the post-bake step. The light intensity created by the mask aligner is fixed at
4.5 mW-cm2. Exposure dose, D, used to determine the exposure time was obtained from

the MicroChem processing datasheet, is related as in Eq. (3.3).

Exposure Dose (m].cm™2) (3.3)

E ti =
xposure time (s) Light Intensity (mW.cm~2)
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Underexposed of the photoresist causes the pattern obtained is imperfect. The pattern
could either lift off or dissolve during development since the cross-linking acid
concentration was low to begin polymerizing the photoresist all the way down to the
bottom substrate. On the other hand, overexposed can cause photoacid diffusion that
polymerized a thin layer along the top surface of the photoresist that is not exposed,
commonly known as T-topping. Moreover, it can also cause light diffraction resulting in

severe pattern distortions and broadening.

Figure 3.10: Mask aligner for UV light exposure.

(e) Post-Bake

After the UV exposure, post bake also known as a post-exposure bake (PEB) is a must
to finalize the cross-linking of the polymer. The degree of chemical reactions initiate
during exposure could be enhanced by baking at 65 °C and 95 °C on a hotplate for
different times. As for PEB, the precise control of times and temperatures are critical to
determining the following development. In general, longer times at low temperatures are
suggested. Thermal stress is likely to occur at high temperatures and extended baking
time causing patterns cracking, bending, or even peeling off from the substrate. In contra,

insufficient of PEB temperature and times produce incomplete cross-linked patterns and
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can be destroyed by the developer. This outcome either very high surface roughness of
complete dissolution of the photoresist. Thus, the heating and cooling ramp rate of PEB

had been optimally controlled according to layer thickness as shown in Table 3.3.

(f) Development and Drying

The next step is the development where the dissolution of un-polymerized SU-8 to
transforms the underlying resist, formed during UV exposure, into a relief image as
presented in the photomask. Generally, two main techniques are available for photoresist
development: wet development and dry development. This study used wet development
that requires the substrate to be immersed in Propylene Glycol Methyl Ether Acetate,
PGMA (supplied by MicroChem as SU-8 developer). During the immersion in SU-8
developer, those areas that were not cross-linked dissolve and followed by rinsing using
the developer. Different times applied to different thicknesses, in general, long time
benefit for thicker layer as shown in Table 3.3. The resulting SU-8 pattern after
development is then rinsed with IPA using a normal rinse bottle and blown dried using a

nitrogen gun.

(g) Hard Bake

Samples were hard bake to removes all residual solvent and developer, improve the
interfacial adhesion of the resist that has been weakened during the developing process.
However, hard bake does resist shrinkage and stress if it occurs at improper temperature

and time. Thus, all samples were hard baked for 30 min at 90 °C using an oven.

3.3.3.2 Pyrolysis

Pyrolysis of the SU-8 pattern was conducted on an open-ended quartz tube furnace
(Naberthem, Germany) under a constant nitrogen gas flow at 2000 mL/min as shown in
Figure 3.11. The pyrolysis protocol featured five stages: (i) the temperature ramp from

room temperature at 23 °C to 300 °C at 20 °C/min; (ii) 30 min dwell at 300 °C to allow
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residual oxygen to be eliminated from the chamber; (iii) a temperature ramp from 300 °C
to 900 °C at 10 °C/min; (iv) another 60 min dwell at 900 °C to complete the carbonization;
and (v) the samples were then cooled down to room temperature naturally which took
approximately 8 hours. Figure 3.12 shows the graph of the heating protocol. In this study,
900 °C was used as the final temperature since most applications of carbon structure

achieve at this temperature (Amato et al., 2015; Sharma, Sharma, & Madou, 2010; C.

Wang et al., 2005).

Figure 3.11: Pyrolysis conducted in a quartz tube furnace.
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Figure 3.12: Pyrolysis heating profile.
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The characteristic dimension, D of the SU-8, and carbon structures were analyzed
using field emission scanning electron microscopy (FESEM). Three structures were
measured for each data point reported in the results section. The percentage shrinkage
was calculated using Equation 3.4, where the dimensions can be either height, H, or

diameter/width, D/W of the structure.

Percentage Shrinkage (%) (3.4)

_ Dimension SU8 — Dimension Carbon

= 100
Dimension SU8 x

3.3.4  Fluidic and Electrical Network
3.3.4.1 Microfluidic Platform

The developed microfluidic in this work featured two layers: the top layer and the
channel layer. The top layer was fabricated from 1mm thick of polymethyl methacrylate
(PMMA) using a Computer Numerical Control (CNC) machine (VISION 2525, Vision
Engraving and Routing System, USA). Two 1mm holes were drilled for fluids inlet and

outlet ports.

The second layer is the channel where the DEP procedure takes place. The channel of
the network was cut out from a 100 um thick of double-sided pressure-sensitive adhesive
(FLEXmount DFM 200 Clear V-95 150 POLY H-9 V-95 4 FLEXcon, MA, USA) using
a cutter plotter machine (PUMA 1I, GCC, Taiwan). A 3.6 mm x 10.0 mm hole was

introduced at the middle part to allow approximately 3 ul of fluid flow.

The PMMA and adhesive layers are then aligned and adhered together manually. This
2-layers stack is then manually aligned to the fabricated carbon electrode as previously
displayed in Figure 3.5. The inlet and outlet were connected by polytetrafluoroethylene

(PTFE) tubing for supplying the solution and particles to be tested. This microfluidic
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platform was designed to have a perfect seal and no leakage of flows. Despite the simple
fabrication technique, the cost is greatly reduced since no additional photolithography

process involves as in polydimethylsiloxane (PDMS) and SU-8 channel circumstances.

3.3.4.2 Electrical Connection

The electrical connection was made by depositing silver conductive paste on the
carbon pads using a syringe. Metal wires AWG18 were then sealed to the silver paste and
were allowed to fully cure at room temperature for 24 h. Unfortunately, a significant
problem arising from the use of silver paste that introduces under layer reaction and

causes carbon pads to detach from the substrate.

As an alternative, copper adhesive tape was used by easily cut into the desired
dimension, remove the protective film, and laid on to the carbon pads. It should be done
smoothly to avoid wrinkles to develop, or air to become trapped between the adhesive
and the carbon pad surface. Small pressure was applied to the part being attached in order
to stabilize the flow throughout the surface and create a slight fillet in the edges. Metal
wire with clips was then attached to the adhesive tape and connected to the function

generator.

3.3.5 Characterization of Carbon Electrode
3.3.5.1 Microstructure

The microscopic morphology of patterns obtained on the silicon wafers was
characterized before and after pyrolysis using an optical microscope and FESEM. The

percentage of shrinkage after pyrolysis can be determined from the FESEM results.

3.3.5.2 Electrical
The resistivity of two different thicknesses of the carbon films was calculated using a

two point probe measurement unit (Keithly Sourcemeter, 4200-SCS) as illustrated in
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Figure 3.13. The applied DC range of 1 pA to 4 mA and applied voltage range of -1.0 V
to +1.0 V. The distance between probes is fixed to approximately 200 um. The probes
are manually positioned with the assistance of a microscope. Measurements were

repeated three times for each film.

Figure 3.13: A two point probe resistivity test setup.

The resistance of the sample is given by Eq. (3.5):

v (3.5)
R=7

where R equals to resistance (ohm, Q), V is voltage (volt, V) measured and I is current
(ampere, A) applied. By knowing the sample’s resistance and dimensions, the sample’s

resistivity, p (ohm.meter, Q.m) can be calculated as Eq. (3.6):

A .
p=r2 (3.6)

where A is the cross-sectional area (width, w times thickness, t) and L is the length of
the sample. In addition, the conductivity of the sample is simply the inverse of the

resistivity.
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3.4 Dielectrophoresis (DEP) Experiments
3.4.1 Proof-of-concept

To test the fabricated LOC system, polystyrene microbeads were used to conduct the
DEP experiment as it has been widely used in DEP and their dielectric properties are well
characterized. To accelerate the proof-of-concept of the carbon-DEP devices, a simpler
pattern of carbon electrode was implemented to dielectrophoreticly pattern the
polystyrene microbeads as shown in Figure 3.14. The fabrication details were given in

Table 3.2 and 3.3 and numbered as Sample 1.

./ // ( { ??::::;;).\\\\ 3D posts
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. —— 5

-V +V

Figure 3.14: Concentric 3D post array electrode for proof-of-concept
experiment.

3.4.1.1 Microbeads Preparation

Aqueous microbeads suspension with diameter 5 um (Thermo Scientific, USA) was
used and diluted with DI water in volume ratios of 1:3. Prior to experimentation, samples
were thoroughly mix using Vortex mixer (Thermo-line, HYQ-3110) to gain homogenous
microbeads distributions. 3 pl of the microbeads suspension was pipetted into the channel

via the input port.
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3.4.1.2 Experimental Setup

A function generator (GFG-8255A, Good Will Instrument, Taiwan) was used as an
AC power supply to polarized the carbon electrode. The LOC device is positioned on the
stage of an optical microscope as shown in Figure 3.15 and the motions of the microbeads
were monitored and recorded by the couple-charged device (CCD) camera. The images
were captured and stored on the personal computer (PC). The overall setup is represented

in Figure 3.16.

Figure 3.15: The LOC device placed on the microscope stage during DEP
experiments.

Figure 3.16: Experiment setup for DEP experiments.
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An AC signal of 20 V peak to peak was applied over a range of frequencies. The
voltage was fixed at 15 V peak to peak and the frequency was varied from 5 kHz to 50
MHz. Prior to loading the microbeads suspension into the LOC device, the function
generator and amplifier were powered on but the outputs were set to the lowest. This is
to ensure no generation of bubbles inside the channel by electrolysis. The experiment
time at each frequency was 30 s and was repeated for three times, and images were
captured before and after signal application. The DEP response of manipulation at a given

frequency was determined by qualitatively.

3.4.2 Microbeads Patterning

The developed LOC device was specifically designed to dielectrophoretically pattern
hepatic cells. To end this study, polystyrene microbeads were used as a substitute for
hepatic cells for the sake of demonstration. The novel design of electrode, IRSE as shown

in Figure 3.17 was used to pattern microbeads and expected to mimic simulation results.

To experimentally evaluate the advantage of 3D electrode design for patterning of
particles, the trapping efficiency of microbeads was compared between 2D and 3D
electrodes by using Sample 2 and Sample 3, respectively. The amplitude of the AC signal
was set to 15 V while the frequency was set to 50 MHz. This amplitude and frequency
were chosen to maximize the pDEP response on polystyrene microbeads while
minimizing the risk of electrolysis. In this experiment, microbeads with a diameter of 10
pum were used because this size is nearly comparable to the size of hepatic cells. The
suspension was diluted in DI water to get a volume ratio of 1.5, which gave a
concentration of about 108 beads/ml. This experiment was repeated three times to get the
averaged and the concentration was determined using a hemocytometer (Neubauer) for

both samples.
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Figure 3.17: An array of IRSE for the DEP patterning experiment.

Hence the trapping efficiency can be calculated by Eq. (3.7):

C 3.7
Trapping ef ficiency (%) =1 — Fo x 100 37

l

where C, and C; are the concentration of microbeads at the outlet and inlet,

respectively.

3.5 Summary

This chapter begins with an electrode design that mimicking the biological shape of
liver tissue. The new electrode design was then numerically simulated using COMSOL
to optimize the best electrode configuration and geometry prior to the real fabrication.

Following that is the CMEMS fabrication process featuring photolithography and
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pyrolysis procedure to fabricate the IRSE carbon electrode based on the results of the
simulation. The development of the LOC device was then completed by the fluidic and
electrical setup. Moreover, the fabricated carbon electrode was characterized using
FESEM for microstructure and 2-point probe for electrical properties. In order to confirm
the application of the developed LOC device, proof-of-concept of DEP manipulation was
conducted using concentric 3D post arrays. Finally, is the DEP patterning experiment
using a new design electrode, IRSE, and comparing the patterning efficiency between 2D

and 3D electrode structures.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Introduction

This chapter presents the results and discussion obtained throughout this study.
Simulation results by COMSOL will be presented to compare and determine the best
configuration for uniform dielectrophoretic cell patterning. Besides, optimization of the
electrode geometry had been done and presented. Next, the outcome from the
microfabrication electrode trough the CMEMS process is shown. Microstructural and
electrical characterization of the fabricated carbon electrode will be presented and
discussed as well. Finally, the results of the DEP experiment that were conducted as

proof-of-concept are presented and discussed.

4.2 Results of Design and Optimization of Electrode Based on Simulation
Analysis

4.2.1 Electrode Simulation

4.2.1.1 Comparison of Electric Field Distributions for Vertical and Horizontal
Configurations

Simulation results of the comparison between electrode configurations are presented

in Figure 4.1 which strong electric field implied by the red and weaker field by blue.

Figures 4.1a and b illustrate the surface plot of electric field distributions produces by

vertical and horizontal electrode configuration, respectively, at the xy-plane with an

operating voltage of 10 V and frequency of 100 MHz. The vertical configuration shows

the non-uniform distribution of the electrical field and produces a strong electrical field

at every tip of the strips with a maximum of 6.01 x 10° \//m as shown in Figure 4.1a. The

value rapidly decreases along the strips toward the center of the electrode with a minimum

of 1.45 x 10 V/m. On the other hand, horizontal configuration shows uniform

distribution of the electrical field along every strip with a strong reading of 1.18 x 10°
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V/m at the edges of the electrodes as shown in Figure 4.1b. However, the center of the
electrode still showing a weak electric field but with a minimum of 2.03 x 10 VV/m which

is significantly higher than the minimum value of the vertical configuration.

(a)

(b)

Figure 4.1: Surface plot of electrical field distribution (a) vertical configuration
(b) horizontal configuration.

The vertical configuration is able to create a vertical electric field for 3D DEP force
(R.-J. Chen & Liu; Lin, Ho, Liu, & Chang, 2006). However, given the complexity of the
electrode design, the generated electric field distribution is not uniform along the strips,
which takes the maximum value only at the end of the strips. For further comparison,
Figure 4.2 shows the changes of the electric field at the cut line across the strip from Point

A to Point B produced by the vertical and horizontal electrode configuration, respectively
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as shown in Figures 3.3a and d. The x-axis represents the non-dimensional length of the
cut-line while the y-axis represents the magnitude of the electric field. Vertical
configuration is shown gradually decrease of the electric field as the line move towards
the center, as it reduces from a peak value of 1.78 x 10° V/m at Point A to 0.29 x 10° V/m
at Point B. This can be explained by the low signal-to-noise ratio when the diffusion
layers of the individual strips are overlapped as it goes from Point A to Point B. Because
at Point B, the gap between strips are smaller thus decreasing the overall current and
consequently electric field (Stulik, Amatore, Holub, Marecek, & Kutner, 2000). In
comparison, horizontal configuration shows there are no significant changes in the
electric field with a peak value of 5.05 x 10° VV/m at Point A and 4.93 x 10° VV/m at Point
B. This configuration impressively eliminates the issue of overlap diffusion layer between

adjacent electrodes.

Electric Field Profile Along A Cut Line
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Figure 4.2: Comparison profile of electric field from Point A (left) to Point B
(right) along a cut line of z=0mm for vertical configuration and horizontal
configuration.
With those comparisons, horizontal electrode configuration obviously shows better

uniformity for the electric field distribution as compared to the vertical configuration. For

the vertical case, the distribution of the electric field was concentrated on the end of the
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strips, but the horizontal case shows uniformly distributed along the radiating-strips
electrode. Uniform distributed electric field will appear in uniform DEP force for
patterning cells according to the designed electrode and avoid unprecedented assemble at
the distinct location along the strips. Nevertheless, this electrode design is novel and

sufficiently intricate that tough to analytically specify the field between the electrodes.

The horizontal configuration is essentially designed to interdigitate the original
hexagonal radiating-strips electrode since interdigitated configurations are very well
known for its versatility in manipulating cells and flexibility in designing the geometry
(Cao, Cheng, & Hong, 2008). Hence, this new 3D interdigitated radiating-strips electrode
(IRSE) has been suggested to be further optimized to increase the efficiency of designing

the 3D DEP cell patterning chip.

4.2.1.2 Effect of Electrode Gap

Variations in the electric field magnitude can also be seen in varied electrode height
and spacing between electrodes. Since the horizontal configuration has better electrical
field uniformity than vertical configuration, the discussion ahead will only be focused on
the horizontal configuration, IRSE. Based on the electric field gradient simulation result
shown in Figure 4.3, a stronger electric field generated on the electrode surface but
weaker electric field when it is distant from the electrode. Increasing gaps from 10 um to
20 pm and 40 pm generate lower electric field but improved electric field gradient. This
is showing that significant factor VE? depends on the electrode gap. As has been analyzed
by (Clague & Wheeler, 2001), when the width of the electrode, w is equal to the gap, g

between the electrode, the VE? is given by the following Eq. (4.1):

g.._ 4.1
IVE?|g_,~ (&)™ (41)
w w
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As g is decreased below 2w, the electric field intensity increase exponentially. This
result discloses that for all electrodes width, the electric field intensity is dependent on
the gap between the adjacent electrodes. Hence, it is presumed that DEP strength can be
improved by the reduction of the electrode gap (B Yafouz, Kadri, & Ibrahim, 2012).
However, among the three, an electrode gap of 20 um was chosen to avoid the merging
of the electric field between the adjacent electrodes, while generating a strong electric
field and consequently DEP force. Moreover, considering cell size it compromises

enough space for cell immobilization between the electrodes under pDEP force without

clogging.

(@)

(b)
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Figure 4.3: Surface plot of electric field distribution of horizontal configuration,
IRSE with different electrode gap. (a) 10 pm, (b) 20 pm, and (c) 40pm.

4.2.1.3 Effect of Electrode Height

Figure 4.4 shows the variation of the electric field across the microchannel at the height
of 0, 10, 20, 50, 80, and 100 um at zy-plane, produced by the electrode height of 20 pum,
50 um, and 80 um, respectively. In Figure 4.4a clearly shows the gradual reduction of the
electric field along with the height, as it reduces from a peak value of 7.07 x 10° VV/m at
z=0.02 mm, 3.47 x 10° V/m at z= 0.03 mm, 0.81 x 10° V/m at z=0.05 mm to 0.24 x 10°
V/m at z=0.08 mm and 0.16 x 10° VV/m at the top of the channel. The electric field strength
is more homogeneous near the top of the channel. In comparison, Figures 4.4b and ¢ show
a minor decreasing in the electric field along with the height of the microchannel. For
better illustration of the electric field distribution, the inserted figures containing 2D
surface plot were included to correspond the each plotted line graph. This suggests that
as the electrode height increase, it provide larger exposure of the generated electric field
over the microchannel allowing greater DEP effect on cells. Which is in line with an
exponential decrease in electric field intensity as distance increase from the electrode

surface by E « exp(—2mH) (N. G. Green, Ramos, & Morgan, 2002).
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Figure 4.4: Plotted line graph of the electric field generated at various elevations
of the microchannel for different electrode height (a) 20 um, (b) 50 pm, and (c) 80
pm. Insert figures are showing the 2D surface plot with lines corresponds to each
plotted line graph.
As illustrated in Figure 4.5, the schematic diagram shows that 3D electrodes are more
effective than 2D electrodes for DEP-based particle manipulation. The 80 um height
electrode, therefore, provides better non-uniform electric field distribution, yet, by

concerning fabrication challenges, 50 pum is selected (Rouabah et al., 2011).

(@ - (b)

Figure 4.5: Schematic diagram of DEP manipulation. (a) Schematic of DEP
manipulation in 2D planar electrode with K >0 and K < 0 signifying pDEP and
NDEP, respectively. (b) Schematic of particles in 3D electrode configuration.

4.2.1.4 Effect of Applied Voltage

The electric voltage effect on electric field magnitude is illustrated in Figure 4.6. The
maximum value varies from 1.06 x 10° V/m for 5V, 2.11 x 10° V/m for 10 V, 3.17 x 10°
V/m for 15 V to 6.35 x 10° VV/m for 30 V. It can be observed that increasing the voltage
leads to a stronger electric field and therefore leads to a quadratic increase of DEP force
that would be enforced on cells. To support this result, it is helpful to make an order of
magnitude approximation of Equation 2.1 to estimate the expected dependency. By
altering all length scales in Equation 2.1 dimensionless with the particle radius, r the

magnitude in the DEP force scale is as in Eq. (4.2) (Bahaj & Bailey, 1979):

v? (4.2)
Fpgp & Iz
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V is the amplitude of the applied voltage and L is a length scale for a given electrode.
In Figure 4.6, for all voltages tested, the electric field intensity showed a squared

dependence of the DEP force on the applied voltage:

VE~V? (4.3

This result is in agreement with the scaling approximation in Equation 4.2. As a
consequence, the cells will move and pattern accordingly in the shorter time but high
applied voltage could damage the cell and the electrode itself as well as activate Joule
heating (Tay, Yu, Pang, & lliescu, 2007). Gascoyne et al., have reported that the
mammalian cells can withstand prolonged exposure to the electric field strength less than
10* V/m with above 95% of cell viability (X. Wang, Yang, & Gascoyne, 1999). But as
the voltage increase, the cell viability decrease. However, other groups have reported no
significant damage to cells with higher applied voltage with similar electrode setup
(Archer, Li, Evans, Britland, & Morgan, 1999). These diverse results are probably due to
different cell types used in the studies. Thus, optimum voltage selection along with other
parameters such as frequency and medium conductivity should be done with
consideration of the specific cell membrane damage, dielectric failure, fluid heating and

fabrication limitation.

Electric Field vs Applied Voltage
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Figure 4.6: The effect of the electric field with the increasing applied voltage.
The frequency is fixed at 100 MHz.
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4.3 Results of Fabrication and Characterization of 3D Carbon Electrode for
Lab-on-a-chip (LOC) Development

4.3.1 Substrate Treatment
4.3.1.1 Contact Angle Measurement

To investigate the surface wettability of SiO in practical processing conditions for
CMEMS, a water contact angle was performed and analyzed. Prior to treatment, the water
contact angle was measured at two different humidity conditions. There is no exact value
to identify the humidity range of high or low humidity. Hence, the humidity is a
qualitative measurement in this study. At high humidity (74%), the result shows less

degree in contact angle as compared to low humidity (58%) as depicted in Table 4.1.

Table 4.1: The water contact angle of SiO2 wafer at low and high humidity.

Relative humidity (%o) Low (58%) High (78%)

Water contact angle (Degree, °) 43.86 £ 0.42 15.68 + 0.42

The lower contact angle indicates higher hydrophilicity and a higher wetting of the
surface (Kibria, Zhang, Lee, Kim, & Howlader, 2010). This happens because SiO, forms
polar hydroxyl (-OH) bonds on their surface after extensive exposure to high humidity.
Besides, a high humidity atmosphere slowing the water evaporation since the presence of
water molecules in the air is high (Chhasatia, Joshi, & Sun, 2010). The substrate is thereby
hydrophilic and therefore shows a poor affinity for the non-polar resin molecules of the
photoresist. Thus, in order to make the substrate surface hydrophobic (water-repellent)
and hence photoresist-attractive, dehydration treatment was executed. In addition, the
treatment was performed at low humidity conditions since results before shown lower

hydrophilicity.
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SiO; samples were dehydrated at different duration to indicate the effects and optimum
treatment time; untreated (as control), 30 min, 4 h, and 12 h under low humidity (51%)
condition. Figure 4.7 shows the contact angle values after each different time of
dehydration treatment. Even though the contact angle measurement was conducted at a
low humidity condition, the untreated sample was still hydrophilic with a contact angle
of 17.08 £ 2.14°, which relevant to the nature of the SiO wafer. As for the sample which
treated for 30 min, the value increases to 21.52 + 1.07°, 27.44 £ 2.00° when treated for 4
h and increase to 34.22 + 0.82° when treated for 12 h. This shows that as the dehydration
duration increase the water contact angle increase, they adsorbed water is continuing been
removed which making the sample lean towards the hydrophobic surface. Thus, 12 h of
dehydration treatment was applied for all the samples in this study to achieve optimum

performance of the SiO> substrate.

Contact Angle Measurement after Dehydration
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Figure 4.7: Water contact angle measurements after dehydration treatment in a
low humidity condition.

4.3.1.2 SEM Characterization

CMEMS microfabrication process had been carried out for each sample to produce
planar interdigitated structures. The SEM characterization with a high resolution of 10
kV was performed to study the surface morphology of the pyrolyzed samples as depicted

in Figure 4.8.
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All of the SU-8 structures become glass-like carbon structures after the pyrolysis
process as has been discussed in Section 2.6.1 with the retained pattern. Figure 4.8a and
b show most of the structures were fractured and peeled off from the substrate. While
structures still intact for longer dehydration time as shown in Figure 4.8c and d. However,
for the sample dehydrated for 4hours, there are some cracked shown on the contact pad
area as depicted in Figure 4.9. This shows that as dehydration time longer, the adhesion

of SU-8 to the SiO, substrate gets stronger since more water molecules had been

eliminated.
(@) (b)
(c) (d)

Figure 4.8: SEM images of the pyrolyzed samples dehydrated at different times.
(a) Untreated, (b) 30 minutes, (c) 4 hours and (d) 12 hours.
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Figure 4.9: Fractures on the contact pad of the carbon structure at 4 hours of
dehydration time.

4.3.2 Electrode Microfabrication
The carbon electrode, required to generate a non-uniform electric field for DEP
application, was fabricated using the CMEMS microfabrication process as detailed in

Subsection 3.3.3. The output of the fabricated carbon electrode is shown in Figure 4.10.

Figure 4.10: The fabricated carbon electrode in comparison with Malaysian 10
cents coin.

4.3.2.1 SU-8 Photolithography Process

Substrate cleaning is the first and significant step in the photolithography process, as
the adhesion of the photoresist, SU-8 to the substrate could be thoroughly liaised by the
presence of contaminants. Contaminants could be from solvent stains (acetone or IPA)

and airborne dust possibly from operators, process equipment, attire, and others as shown
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in Figure 4.11. This will cause poor adhesion and leaks between the substrate and SU-8

interface hence affect the performance of the microfluidic device.

NN

Figure 4.11: Example of airborne dust compromised with the pattern SU-8.

The fabrication of the 3D carbon electrode involved two-steps of the photolithography
process, the first layer (bottom) for the connector lead and the second layer (top) for 3D
structure. One of the challenging parts is to precisely align the top pattern with an
underlayer pattern. The choice of exposure mode is crucial to avoid air gaps between the
substrate and the mask that introduce misaligning during exposure of the light as can be
seen in Figure 4.12. In this study, vacuum contact mode was chosen given the finest

resolution is 1 um as stated in the manual report by the manufacturer.

Besides, the alignment technique must be improved to avoid distortion that could lead
to both patterns overlap since this is a fully manual mask aligner. Good control of X and
Y direction as well as rotation are necessary in order to achieve high alignment accuracy.
Since the electrode gap is 20 um, it is critical to not let both layers to be overlap. Thus

the accuracy of £2 um is tolerable to proceed with the next procedure.
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Figure 4.12: Examples of misaligned patterns. (a and b) Top view image of 3D
IRSE taken using microscope and FESEM, respectively, and (c) close up FESEM
image of misaligned strips of 3D IRSE.

78



Another major problem involves during photolithography is known as T-topping or
Fresnel diffraction as shown in Figure 4.13. The photoresist features are narrowing
toward the substrate and create a thin layer on the top surface of the photoresist film that
causes mechanical contact between neighboring structures. This effect happened because
of the UV exposure was carried out in proximity mode, where the photoresist’s top
surface is 10 to 20 um away from the photomask. The air gaps cause pattern broadening
since the refractive index of air and SU-8 is different. Thus, as compared to the contact
mode (soft and hard), vacuum mode is the better choice to minimize the air gap while
maximizing the intensity of UV exposure. Besides, the introduction of a filter can be
employed to match the refractive index (Chuang, Tseng, & Lin, 2002; R. Yang & Wang,

2005).

Figure 4.13: Example of T-topping effect.
4.3.2.2 Pyrolysis Process
Examples of 3D SU-8 and resulting carbon electrode are shown in Figure 4.14. The
SU-8 precursor structure shrinks during pyrolysis as it can be observed by comparing the
resultant carbon structure and the footprint left by the precursor SU-8 structure (red

dashed line). Shrinkage phenomena are related to the degasification of SU-8 as has been
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explained in Section 2.6.1. When the gasses escape from the top surface area, they result
in vertical shrinkage; when they escape from the lateral surface area, lateral shrinkage
happens. The amount of shrinkage depends on the dimension of the SU-8 precursor and

can be calculated using Equation 3.4.

(@)

(b)

= = m= e o
— e -

Figure 4.14: Example of pyrolysis result (a) SU-8 structure (b) carbon electrode
structure. Insert figures show an enlarged view of the structures (red dashed line
represents the footprint left by the original SU-8).

Table 4.2 shows the dimensions of all actual SU-8 structures and the resulting carbon
structure fabricated in this study. The fabrication process of all SU-8 structures leading

to the carbon structures can be found in Table 3.2 and 3.3 by correlating the Sample

number (first column) of both tables. Shrinkage up to 86% is present when pyrolyzing
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planar structure with a height of 13.4 um. Vertical shrinkage is high at a low aspect ratio
(Sample 2) and decreases as the aspect ratio increase (Sample 3). Though, the shrinkage
obtains at all dimensions is non-isometric since the height and lateral (diameter/width) of
the structures do not shrink in the same proportion. As for Sample 1, the shrinkage in
diameter (49%) is bigger than in height (30%). For samples 2 and 3, the shrinkage in
width goes increasing with the aspect ratio. When comparing the total surface area of
different SU-8 patterns, the lateral shrinkage goes on decreasing with the increase in
surface area. This is shown in the case of Sample 1 and 3 with both heights near 30 pm.
These results suggest that, as the lateral surface area of the structure increase, the gasses
trap at the central cause it is hard to escape from the lateral areas, resulting in less lateral
shrinkage (Natu et al., 2016). In addition, the carbon sidewalls were curved as compared
to the vertical sidewalls of the SU-8 structure caused by volume shrinkage force during
pyrolysis. However, volume shrinkage of carbon structure relative to the initial SU-8
structure is varied by the precursor shapes and thickness due to different surface-to-
volume ratios (J. A. Lee, Lee, Lee, Park, & Lee, 2008). The volume ratio of circular

carbon posts will be 1.5 times less than a long strip.

4.3.3  Fluidic and Electrical Network

The microfluidic platform was designed to be a companion with the fabricated carbon-
DEP electrode while minimizing the fabrication challenges, cost, and time as shown in
Figure 4.15. This 2-layer design featured an adhesive layer patterned with a 3.6 mm x
10.0 mm wide channel to contain the carbon electrode array. The thickness of the
adhesive layer indicates the channel height which is 0.1 mm that yields fabricated channel
volume equal to 3.6 pl. The adhesive layer was then aligned and adhered to a piece of
1mm thick PMMA previously drilled with two 1 mm holes. This 2-layer stack was then
manually aligned to fabricated carbon electrode to yield the LOC device and used for

both proof-of-concept and patterning setup.
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Table 4.2: Dimensions of all fabricated SU-8 and carbon structures.

SU-8 (um) Carbon (um) Shrinkage (%)
Sample
H D/W AR H D/W AR H D/W
Connecting Lead

1 10.28 + 0.52 n/a n/a 6.15+0.40 n/a n/a 41 n/a

2 n/a n/a n/a n/a n/a n/a n/a n/a

3 8.60 +£0.92 n/a n/a 5.20+£0.35 n/a n/a 40 n/a

Electrode Structures

1(3D) 33.48+1.01 | 64.31+£1.05 0.52 23.77+0.97 | 33.05+1.10 | 0.72 30 49

2(2D) | 13.40+£0.85 | 21.47+1.41 0.57 1.82+1.12 | 11.16+1.13 | 0.15 86 53

3(3D) | 31.04+£0.52 | 24.21+1.81 1.44 1759+0.90 | 8.95+1.32 1.97 44 58

Z8

Notes: H = height, D = diameter, W = width, AR = aspect ratio, n/a = not applicable




(a)

(b)

Figure 4.15: Microfluidic platform. (a) Channel and (b) top view of LOC device.

Figure 4.16a shows a reaction upon depositing silver paste on the carbon pad. The
swelling effect caused a short circuit or completely disabled the electrical connection
when the carbon pad detaches off the substrate. This happens due to the humid
atmosphere, where the adhesive absorbs water during curing causing poor wettability (De
Vries & Caers, 2011). The alternative solution by using copper adhesive tape has greatly
improved the system reliability that eliminates the swelling effect on the carbon pad as
shown in Figure 4.16b. This adhesive tape offers several advantages over the adhesive
paste, particularly in controlling the amount of adhesive that deposited and assuring full
coverage. With adhesive paste, errors often happen in excessive or fewer dispensing

adhesives. With the little amount, there will be a lack of complete coverage, which
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decreases the bond strength; excessive adhesive flows over the sides of the contact pad
and may contaminate the electrode. Besides, unlike adhesive paste, adhesive tape is
already in a solid-state. This strongly avoids the issues of handling and dispensing of the
paste. More importantly, it can be used in ambient conditions without disturbing their
properties and has a long shelf life. Hence by using copper adhesive tape to make good
electrical connections, the flexibility, no curing time, offer exclusive access to efficiency

and effectivity to induce the DEP force.

(@)

(b)

Figure 4.16: Electrical connection using (a) silver adhesive paste and (b) copper
adhesive tape.
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4.3.4 Characterization of Pyrolyzed Carbon

In this section, the morphology of the patterns obtained on the SiO. substrate was
characterized before and after pyrolysis with optical and electron microscopy. The
electrical resistivity of all samples after pyrolyzed was also examined before the DEP

experimentation.

4.3.4.1 Physical Microstructure Properties

Figure 4.17 shows the resultant SU-8 structure of Sample 1, concentric 3D post arrays
after photolithography steps. All of the 3D posts were successfully aligned on top of the
planar connecting leads as depicted in Figure 4.17a. Besides, uniform structures were
obtained with straight sidewalls and smooth top surface as shown in Figure 4.167. This
result proves that all the photolithography steps were optimized properly mainly UV

exposure dose and PEB time.

(@)
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Figure 4.17: FESEM images of the SU-8 structure of Sample 1 after the
photolithography process. (a) top view showing concentric 3D post arrays and (b)
tilted view showing individual 3D posts on planar connection lead.

Shrinkage caused by pyrolysis clearly seen in Figure 4.18a, where the original
dimensions of the SU-8 structure were decreased but still maintain the pattern. However,
the bigger 3D post in the middle was detached from the substrate. This is because the
shrinkage force is stronger than the adhesion force on a larger surface area. Therefore the
diameter of the structure is inversely relative to the structure thickness (Teixidor, Zaouk,
Park, & Madou, 2008). This suggests that structures that require high surface areas such
as connection pads benefit from the use of planar structure. Besides, the competition
between shrinkage and adhesion force is also responsible for the distinctive curved wall
at the base of the carbon post as can be observed in Figure 4.18b. In addition, sagging at
the top surface of the carbon post was observed where the edges are seen to protrude as
compared to the central area. This sagging special effect occurs was believed due to the
residual stress developed during degassing which appears in other polymers as well

(Ferracane, 2005). However, these effects are decreasing as the aspect ratio increase since

degassing mainly occurs through the lateral surface area (Natu et al., 2018).
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Figure 4.18: FESEM images of the carbon structure of Sample 1 after the
pyrolysis process. (a) top view showing shrank concentric 3D post arrays and (b)
tilted view showing shrank individual 3D post with sagging effect and curved wall.

Figure 4.19 and 4.20 display the FESEM images of the SU-8 structures after the
photolithography steps of samples 2 and 3, respectively. The thickness after the
photolithography was compatible with the nominal thickness (13 um for Sample 2 and

38 um for Sample 3) of the spin-coated SU-8. In particular, the resulted thickness is 13.40

+ 0.85 pum for sample 2 and 31.04 £ 0.52 pum for sample 3 based on three times of
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measurements. Table 4.3 reports the data of the dimensional analysis of the SU-8 and

carbon structures.

(a)

(b)

Figure 4.19: FESEM images of the SU-8 structure of Sample 2 after the
photolithography process. (a) top view showing planar IRSE and (b) close-up view
of the strips (red box) showing the dimension of width (wsu-s) and gap (gsu-s).
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Figure 4.20: FESEM images of the SU-8 structure of Sample 3 after the
photolithography process. (a) top view showing 3D IRSE and (b) close-up view of
the thick strips (red box) showing the dimension of width (wsu-g) and gap (gsu-s).

Table 4.3: Nominal structure of samples and resulting dimensions of SU-8 (after
photolithography) and carbon (after pyrolysis).

Sample Wo Wsu-8 We Jo Osu-8 Jc
2 200 [ 21.47+141|1116+£1.13| 200 | 1547+1.11 | 28.23+1.62
3 200 | 2421+181| 895+1.32 | 200 | 134+1.91 |35.79+1.51

Notes: wo=nominal width, ws,.s=SU-8 width, wc=carbon width, go=nominal gap, gsu-
s=SU-8 gap and gc=carbon gap.
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The data state the difference between the nominal widths and gaps (wo, go), the actual
obtained after photolithography (wsu-s, gsu-8), and after pyrolysis (we, gc). The difference
shows a slight increase in width compares to nominal as a result of T-topping. This occurs
regularly to high aspect ratio structure during exposure, where the absorbance of the UV
light from the top to the bottom layer gradually decreases. Besides, the pattern broadening
can also due to the poor exposure setup, which introduces air gaps between the photomask
and photoresist. The air gaps increase light diffraction and cause pattern broadening;

increase in width, wsy-g, and decrease in the gap, gsu-s.

Figures 4.21 and 4.22 show the FESEM images of the carbon structure after the
pyrolysis process of samples 2 and 3, respectively. As has been reported in Table 4.3,
more significant dimensional differences obtained after the pyrolysis. The differences are
resulting from the shrinkage occurring during degassing. Shrinkage in width is more
dominant for high aspect ratio as has been discussed in section 4.3.2.2. The higher lateral
surface area making degassing easier hence decreasing the width, wc, and certainly

increasing the gap, gc.

(@)
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Figure 4.21: FESEM images of the carbon structure of Sample 2 after the

pyrolysis process. (a) top view showing planar IRSE and (b) close-up view of the

strips (red box) showing the dimension of width (wc) and gap (gc).

(@)
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Figure 4.22: FESEM images of the carbon structure of Sample 3 after the
pyrolysis process. (a) top view showing 3D IRSE and (b) close-up view of the thick
strips (red box) showing the dimension of width (wc) and gap (gc).

4.3.4.2 Electrical Properties

Figure 4.23 shows the resistance measured over two different thicknesses of the film;
1.8 pm and 18.0 um. The resistance of the carbon films decreases as the thickness
increase. Thus it is definitely an added value to the 3D electrode as compared to the 2D
electrode. This is also applicable to the connection pad, where a thicker connection pad
can reduce up to 70% of the resistance. However, the surface area of the connection pad

must be balanced to avoid their detachment from the substrate since wide structures

benefit from the use of low thickness.

Multiple voltage and current measurements were conducted on carbon films of
different thicknesses to acquire the resistance, R as detailed in Table 4.4 and the resistivity

can be calculated by using Equation 3.6.
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Figure 4.23: 1-V graph of two-terminal resistors for two different thicknesses of
carbon films.

Table 4.4: Resistivity characterization of carbon films for different thicknesses.

Measurement Resistance, R (Q) Resistivity, p (Q.m)

film thickness = 1.8 um

1 276.3+8.3 4.97 +0.33 x 10*
2 1505+ 7.7 2.71+1.13 x 10*
3 281.4+10.3 5.07 +0.63 x 10

film thickness = 18.0 um

1 89.1+3.8 16.04 +1.72 x 10
2 949+56 17.08 +1.83 x 10*
3 90.4+9.3 16.27 +1.33 x 10*
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The resistivity of the carbon films is independent of the film thickness and the average
value obtained in this study is 10.36 + 1.19 x 10 Q.m. This value is slightly large than
previously obtained, which is 1.04 x 10 Q-m, but is still low enough to generate an

electric field for DEP applications using ten of volts (Park et al., 2005).

4.4 Results of Dielectrophoresis (DEP) Experiments
4.4.1 Proof-of-concept

In order to confirm the application of the fabricated LOC device, the manipulation of
polystyrene microbeads was conducted using DEP. As has been explained in Section 2.5,
DEP refers to the motion of polarizable particles suspended in a medium, induced by the
applied non-uniform electric field. Polystyrene microbeads will exhibit pDEP when they
are more polarized than the surrounding medium and move toward the regions with a
strong electric field. Otherwise, they will exhibit nDEP if they are less polarizable than
the medium and repel from the region with a strong electric field (Khoshmanesh et al.,

2010).

The qualitative characterization of the DEP response of polystyrene microbeads is
presented in Table 4.5 below. pDEP is observed at various frequencies in the range of 50
MHz to 500 kHz. At 50 kHz to 5 kHz the microbeads begin to show nDEP response.

Table 4.5: Qualitative characterization of DEP response to manipulate
polystyrene microbeads in a range of frequency at 15V applied voltage.

MHz kHz
Frequency

50 5 1 500 50 5

DEP Response | pDEP pDEP | pDEP pDEP nDEP nDEP
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(a)

(b)

(©)
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Figure 4.24: Manipulation of 5 um polystyrene microbeads based on DEP force.
(a) Homogenous distribution of polystyrene microbeads before application of
electric field, (b) pDEP effect after applying 50 MHz signals (blue circles), and (c)
NDEP effect after applying 5 kHz signal (red circles).
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Figure 4.24 shows the 5 pum polystyrene microbeads response when subjected to the
DEP force. As shown in Figure 4.24a, the microbeads were homogeneously distributed
all over the electrode array prior to the application of the electric field. When a 50 MHz
AC signal was applied, the microbeads were attracted to the edges of the electrodes as
depicted in Figure 4.24b (blue circles marks). This behavior was in response to the pDEP
effect in which particles move toward the strong electric field region. In addition, there
were microbeads that aggregated along the connection leads due to the dipole-dipole
interactions of the neighboring microbeads as clearly seen in the enlarged image of Figure
4.24b (blue oval marks). On the other hand, under 5 kHz applied AC signal, the
microbeads were repelled from the electrode edges as depicted in Figure 4.24c (red circles
marks). This shows that the microbeads were under the nDEP effect where they move
away from the strong electric field region. The microbeads were forced to accumulate
between the electrodes and levitated to a certain height above the electrodes as shown in
the enlarged image of Figure 4.24c (the out-of-focus are the electrodes). However, under
both conditions, there are lateral pearl chains forming at the bottom of the gap between
connecting leads. This happens due to the additional electric field created by the
connecting leads. These effects could be significantly reduced by pattern a thin layer of
SU-8 around the 3D carbon electrodes to electrically insulate the connection leads

(Martinez-Duarte et al., 2011).

By decreasing the applied frequency to 500 Hz, electrolysis was induced as shown in
Figure 4.25 where the microbeads were drifted away and randomly distributed through
the suspension of the media as well as air bubbles began to develop (yellow circles).
However, by increasing the frequency, this effect will reduce. This effect was influenced
by the frequency of the AC electric field, the voltage applied to the electrodes, and the

ion concentration of the medium (S. Li et al., 2013). Hence, suitable frequency and
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voltage should be chosen wisely according to the desired DEP response and to avoid

potential electrolysis.

Figure 4.25: Electrolysis effect which creates air bubbles (yellow circles marks)
under 500 Hz applied frequency.

This result indicates that the fabricated LOC device featuring a carbon electrode is
successfully manipulated the polarized polystyrene microbeads by using nDEP and pDEP
effect. Thus, it is expected that this LOC could be used for a newly designed electrode

named IRSE and potentially used for hepatic cells patterning.

4.4.2 Microbeads Patterning

Upon the proof-of-concept experiment, the DEP patterning experiment was conducted
on polystyrene microbeads in order to achieve the final objective of this study, which is
to pattern microbeads using the proposed electrode design. This is to demonstrate the
potential application of this LOC device to pattern hepatic cells using DEP force
mimicking the natural architecture of biological hepatic lobule. The results and
discussion of the microbeads patterning using both 2D and 3D IRSE electrode were

presented in Figure 4.26 below.
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(a)

(b)

Figure 4.26: Manipulation of 10 um polystyrene microbeads based on pDEP
force at 15V and 50 MHz on (a) 2D IRSE and (b) 3D IRSE.

Figure 4.26a and b show the pDEP response of polystyrene microbeads when 15 V of
AC potential was applied at 50 MHz frequency on 2D and 3D IRSE, respectively. Figure
4.26a shows weak pDEP force limited the trapping of microbeads at the beginning of the
strips near the center, as shown with the green circle. However, the 3D IRSE
demonstrated better trapping efficiency, as evidence by patterns of microbeads along the

strips, as shown in Figure 4.26b (yellow ovals).
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By using Equation 3.7, trapping efficiency for 2D IRSE is 15% + 3% while 3D IRSE
Is 82% + 8% given an increase of 67%. This shows that the trapping efficiency is
increasing as the electrode height increase. Such an improvement is mainly attributed to
the fact that the DEP force is proportional to the gradient of the square of the electric field
(Equation 2.1). An increased electrode height leads to a larger volume of DEP force over
the channel, resulting in an improved trapping efficiency which consistent with the
simulation results earlier (Section 4.2.1.3). Besides, the low trapping efficiency of 2D
IRSE is due to the interference of the levitation force along the channel when the

microbeads pass through the planar electrode.

Nevertheless, although the trapping efficiency is relatively high and microbeads
pattern mainly along the strips, there is a significant number of untrapped microbeads
shown by 3D IRSE. This might be because of unbalanced microbeads concentration as
compared to channel total area that affects the trapping volume, hence optimization on
microbeads concentration should be carried out to increase the efficiency of DEP effects
(Jaramillo, Torrents, Martinez-Duarte, Madou, & Juarez, 2010). Moreover, after 1 minute
of applied voltage, the 3D IRSE was spotted to be shifted and a few of the strips were
broken. Possible contributing reasons to this effect include electro-thermal, electro-
osmotic, or even low surface adhesion between the carbon electrode and the SiO:

substrate.

In short, these results show that the new design electrode, IRSE is successfully able to
pattern particles via DEP mimicking the complex architecture of the biological hepatic
lobule. Additionally, a 67% increase in microbeads trapping is presented for the case of
3D IRSE as compared to the 2D IRSE. This suggests that the 3D IRSE has high potential

to be applied for 3D hepatic cell patterning.
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4.5 Summary

In this chapter, the results of the developed LOC device were presented and analyzed.
In the beginning, simulation results by COMSOL have suggested that horizontal
configuration is better than vertical configuration to generate a uniform distribution of
electric field over the new design electrode. Furthermore, the electrode with a horizontal
configuration named as IRSE was optimized geometrically and agreed to the optimum
dimension of 20 um:50 pm (gap: height) with a 20 um electrode width. Thus, this IRSE
has been proposed to be fabricated for the dielectrophoretic cell patterning application.
Next, outcomes of LOC development were presented featuring electrode microfabrication
and fluidic and electric network. Errors that occurred during the CMEMS process were
detailed as well for future improvement. In addition, characterization results show the
microstructure of the fabricated carbon electrode and their resistivity value, which is
significant to generate the electric field. In order to confirm the application of the
fabricated LOC device, the manipulation of polystyrene microbeads was conducted using
DEP. DEP effects including pDEP and nDEP were obtained once the AC signal was
applied for a range of frequency, indicating that the fabricated LOC device is function
properly and can be utilized for dielectrophoretic cell patterning. Lastly, the fabricated
LOC device featuring the proposed new electrode design, IRSE was successfully
patterning polystyrene microbeads according to the desired pattern resembling simulation
results. Other advantages also have been highlighted by comparing 2D and 3D structures.
Thus, this LOC device is shown to be effective at manipulating and patterning particles
into the desired pattern, specifically mimicking the architecture of the biological hepatic

lobule.
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CHAPTER 5: CONCLUSION AND FUTURE WORK

51 Conclusion

A LOC device featuring a 3D carbon electrode potentially for hepatic cell patterning
based on DEP was designed, simulated, fabricated, and its performance was tested
utilizing microbeads particle. A new design of electrode has been proposed called IRSE
that mimicking the hepatic plates of the biological liver. The simulation results of the
IRSE configuration showed a uniform distribution of the electric field with the value up
to 10° VV/m that could generate even DEP effects of particles. Furthermore, the numerical
modeling was used to optimized the electrode geometry parameters given a result of 20

pumM:50 um (gap: height) with a 20 um electrode width.

Using the CMEMS fabrication technique, both 2D and 3D carbon electrodes have
been successfully fabricated. The fabricated carbon electrodes have been characterized
both microstructure and electrical (10.36 + 1.19 x 10* Q-m) to show its capability in
implementing DEP proses efficiently. Although the electrical resistivity value is slightly
higher than in literature but is still low enough to generate an electric field for DEP
applications using ten of volts. Moreover, to complete the LOC device, the carbon
electrode was assembled with a compatible fluidic and electrical network. The developed
fluidic platform was designed to reach simple fabrication, low cost, leakage-free flow,
and reusable. The electrical network also has been improvised to achieve better electrical

connections between the carbon electrode and the function generator.

A proof-of-concept experiment was conducted to confirm the functionality of the
completed LOC device. The experiment’s finding has qualitatively confirmed the
capability of polystyrene microbeads manipulation by utilizing both nDEP and pDEP. In
addition, another experiment was conducted to prove the ability of the proposed IRSE to

dielectrophoretically patterning the polystyrene microbeads. This experiment was also to
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compare the trapping efficiency of both 2D and 3D IRSE. The result shows that an
increase of 67% of trapping efficiency yield by the 3D IRSE showing that the region
affected by the DEP is dependent on the height of the electrode, hence provide
improvement in particle trapping and patterning. As expected, this LOC device could be
used for a newly designed electrode and has the potential to be used for hepatic cells

patterning.

This carbon-DEP has been demonstrated as a new alternative to present DEP
technologies that offer several advantages: 1) wider electrochemical stability window
than metal electrodes that minimizing the possibility of electrolysis; 2) carbon is
biocompatible and highly inert, and 3) the use of low voltage (tens of volts) to polarize
carbon electrode array is enough to generate a DEP force. Furthermore, CMEMS

fabrication offers an inexpensive high-yield process for 3D carbon electrodes.

5.2 Contribution
The following are the summary of the original contribution undertaken towards

accomplishing this study:

i.  Design a new electrode named IRSE which specifically designed to mimic the
architecture of the biological hepatic lobule.

ii.  Fabricate 3D carbon-DEP using the CMEMS microfabrication technique
which is relatively simple and cost-effective as it only requires
photolithography and pyrolysis process.

ii.  Design and development of LOC device featuring an optimized version of
IRSE based on simulation analysis using COMSOL Multiphysics software.

iv.  Patterning of polystyrene microbeads using DEP force according to the desired

pattern.
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5.3 Future Work Recommendation
Following are some of the recommendations for future work that can be integrated

with the developed LOC device:

i.  DEP patterning on living hepatic cells and assessment on viability to prove the
biocompatibility and evaluate the design of IRSE.
ii.  Device integration such as microfluidic fluid delivery that could contribute to
creating a cell culture microenvironment.
iii.  Fabrication of the carbon electrodes on a transparent substrate to empowers
experiment visualization.
iv.  Optimization on channel total volume to enhance the DEP effect.

v.  Numerical simulation of other forces contributes to DEP experimentation.
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