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ABSTRACT OF THE DISSERTATION

Label-free Cell Sorting using Carbon Electrode Dielectrophoresis
and Centrifugal Microfluidics

By
Rodrigo Martinez Duarte
Doctor of Philosophy in Mechanical and Aerospace Engineering
University of California, Irvine, 2010

Professor Marc J. Madou, Chair

The integration of 3D carbon-electrode dielectrophoresis (carbon-DEP) on a Compact
Disk (CD)-like centrifugal platform is presented in this work towards developing an
automated platform for label-free cell sorting with application in point-of-care
diagnostics and cell-based therapies. The use of DEP can eiminate functionalized
magnetic beads or fluorophores required by other separation techniques such as
magnetophoresis and flow cytometry and reduce assay complexity, time and costs. This
can expand the availability of diagnostic tests, such as for HIV, and make therapies for
cancer or degenerative diseases available to a broader number of patients.

Glass-like carbon electrodes are used here to enable DEP-assisted cell sorting. These
electrodes are obtained after the pyrolysis of organic polymer structures previously
fabricated using photolithography following the C-MEMS technique. Carbon-€lectrode
DEP (carbon-DEP) combines the advantages of other more traditional DEP techniques
such as metal-based and insulator-based DEP and represents a new aternative for DEP
applications. The use of carbon electrodes yields advantages such as 1) wide

electrochemical stability to minimize the possibility of sample electrolysis, 2) excellent

Xii



biocompatibility and 3) chemica inertness to amost all solvents/electrolytes. The
integration of DEP with centrifugal microfluidics significantly reduces the footprint and
complexity of traditional DEP platforms which tend to rely on a combination of syringes,
tubing, valves, and fluidic ports for fluid manipulation. Key benefits of centrifugal
pumping over other forms of propulsion techniques include 1) its insensitivity to most
pysicochemical properties of the sample being pumped, such as pH, ionic strength or
chemical composition, 2) the vented nature of the system and 3) the fact that the system

IS easy to miniaturize and that it lends itself easily to assay multiplexing.
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INTRODUCTION

The lack of affordable medical infrastructure is one of the main causes of high mortality
rate in the world. Many patients still die due to complications of an otherwise simple
condition because of the dependence on centralized laboratories and special reagents to
accurately diagnose and treat disease. Cell sorting is at the core of many diagnostic tests
(for example a complete blood count) and is a cornerstone for cell-based therapies. Basic
techniques for cell sorting exploit the fact that different cells may feature different
densities. For example, centrifugation is commonly used to separate red blood cells from
blood plasma. White blood cells (or blood plasma cells) are heavier than red blood cells
and tend to sediment faster. Centrifugation is a common and affordable technique used to
separate cells using the differences between the densities of different cells and the
suspending media. However, aternative techniques must be used when the targeted cells
have a similar density to all others contained in the same sample. In this case, the use of
external tags or stains is common to differentiate the targeted cells from their
background. Commercial examples of such cell sorting platforms that are currently
available rely on cell flow cytometry and magnetically-actuated techniques such as
FACS® and MACS®. These techniques offer high performance but require expensive
infrastructure, skilled personnel and special reagents. Many efforts are currently in place
to simplify and bring this advanced cell sorting to the point-of-care such that results are
obtained within minutes and the need for expensive infrastructure and skilled personnel is
eliminated. Unfortunately many of these efforts are miniaturizations of current systems

and still rely on the use of expensive antibodies and other specia stains to sort targeted



cells. Antibodies require special handling, such as refrigeration and/or distilled water for
their reconstitution, which is not always possible. The cost of most antibody-based assays
is still high so continuous monitoring; timely diagnosis and novel cell therapies still
cannot be offered to the larger number of patients, especially those in under privileged
areas. Up to 44% of the world population, approximately 3 billion, is expected to have
low income by the year 2015 while those with median income will account for an extra
42%. Only 14% will perceive a high income as estimated by the Human Development
Report. The development of affordable medical infrastructure is of extreme importance.
For example, there are currently more than 33 million HIV patients in the world whose
population of CD4 cells must be continuously monitored to determine the appropriate
time to start antiviral therapy and improve their chance of survival. Most of them do not
have access to diagnostic tools because they live either in an impoverished country
without access to medical infrastructure or in a developed country where they cannot
afford the cost of such test. Cell therapy can also benefit from a lower cost cell sorting
platform. In current cell therapy protocols, stem cells must first be sorted out from a
blood or tissue sample of either a donor or the patient himself/herself and later get
transplanted to the patient in specific places. These stem cells can trigger the
replenishnment of a cell population (blood cells, cardiomyocytes, insulin-producing islet
cells, etc.) and have the potential to cure many diseases and conditions such as leukemia
(0.22 million deaths per year worldwide), heart disease (7.2 million deaths per year
worldwide), spinal cord injury (130,000 patients worldwide), diabetes (285 million
patients worldwide) and neurodegenerative diseases such as Alzheimer’'s (35 million

patients worldwide, expected 115 million by 2050) and Parkinson’s (6.5 million patients



worldwide). Cell therapy is a very promising clinical technique and significant advances
had been made in the field but the cost of cell procurement prohibits such treatment for
the maority of eligible patients.

This dissertation presents the integration of carbon-electrode dielectrophoresis (carbon-
DEP) on a Compact Disk (CD)-like centrifugal platform towards developing an
automated platform for label-free cell sorting with application in point-of-care
diagnostics and cell-based therapies. The ultimate goa is to implement an affordable
sample-to-answer system where human intervention is only needed to load a sample from
a patient, e.g, blood, saliva or urine, choose the assay to be performed and retrieve either
a numeric result, for example the number of CD4 T-cells present in HIV patients, or an
enriched cell population to be used in cell therapy.

Dielectrophoresis (DEP) is advantageous over other current cell sorting techniques such
as FACS® (Fluorescence-activated cell sorting) and MACS® (Magnetic-activated cell
sorting) because discrimination between different cells is based solely on their intrinsic
physical properties, i. e., membrane morphology and internal compartmentalization and
not on usually expensive external tags such as antibodies. These physical properties
determine the cell’ s dielectric properties and give it a characteristic dielectric phenotype.
Therefore, the use of DEP eliminates functionalized magnetic beads or fluorophores
required by other separation techniques such as magnetophoresis and flow cytometry.
The elimination of these often expensive labels reduces assay complexity, time and costs
which can expand the availability of diagnostic tests, such asfor HIV, and make therapies

for cancer or degenerative diseases avail able to a broader number of patients.



Cell sorting using DEP relies on the varying magnitude and direction of the
dielectrophoretic force acting on different particles contained in the sample. Given fixed
experimental conditions, the DEP force may act stronger on some particles than on
others. The direction of the force acting on different particles may aso vary. The
magnitude of the dielectrophoretic force on a given particle mainly depends on the size of
the particle and the magnitude of the electric field gradient that surrounds it. The
direction depends directly on the difference between the complex permittivity of the
particle and that of the suspending media. Different sorting techniques exist. Some of the
most common ones include sequential trap and release, Field-Flow Fractionation (FFF)
and deflection of a focused stream of cells into different outlets. Sequential trap and
releaseis explored in thiswork.

Most of the work in DEP relies on the use of metal microelectrodes contained in a flow
channel to induce the required electric field gradient for the DEP manipulation of
particles in the sample. However, the use of metal microelectrodes in direct contact with
the sample severely restricts the magnitude of the applied voltages as one must prevent
sample electrolysis. An alternative to the use of metal microelectrodes is to use arrays of
insulator structures, usually fabricated from polymers or glass, to locally distort the
electrical field. In this technique, known as insulator-based dielectrophoresis or iDEP,
metal electrodes (for example extruded wire rods or machined metal plates) positioned
outside the flow channel are used to set up the field over the insulator structures. A
voltage as high as thousands of volts is applied to the metal electrodes to generate a
uniform electric field that is rendered non uniform in the vicinity of the insulator

structures. When using this technique, the sample is usually contained in the insulator



array and the possibility of electrolyzing the sample is minimized. However, iDEP
requires very high voltages (electric field magnitude is inversely proportional to the gap
between electrodes and in iDEP the separation between metal electrodes can be in the
order of centimeters) to create a suitable electric field for dielectrophoresis.

Carbon micro electrodes are used here to create the electric field gradient in a sample and
induce a DEP force on targeted particles. Carbon-electrode DEP (carbon-DEP) combines
the advantages of metal-based and insulator-based DEP. For example, the possibility of
sample electrolysis is reduced with the use of carbon electrodes, an advantage shared
with iDEP, while low voltages are enough to polarize the carbon electrodes and create an
electrical field suitable for DEP, an advantage shared with metal-electrode DEP. The
possibility of sample electrolysis is minimized when using carbon electrodes because
carbon has a much wider electrochemical stability window than metals commonly used in
thin film electrode fabrication such as gold and platinum and affords higher applied
voltages in a given solution without electrolyzing it. Even though the electrical
conductivity of glass-like carbon is lower than that of metals, suitable electric fields for
DEP can be generated by polarizing carbon electrodes with voltages in the range of tens
of volts instead of the hundreds or thousands of volts between metal plates required in
IDEP. The use of carbon electrodes yields other advantages. 1) excellent
biocompatibility, 2) chemically very inert in almost al solvents/electrolytes and 3)
excellent mechanical properties.

The carbon electrodes presented here are fabricated using the Carbon MEMS (C-MEMYS)
technique in avery simple high yield process. C-MEMS refers to a fabrication technique

where glass-like carbon is obtained through the pyrolysis of organic polymers that have



been patterned using photolithography, molding, embossing or any other suitable
technique. Photolithography is used here to pattern SU-8, a negative photoresist, and
obtain the carbon precursor structures.

A further advantage on the use of carbon electrodes in DEP stems from the relatively
easy fabrication process of 3D carbon structures using the C-MEMS technique. The use
of 3D electrodes that cover most of the height of a flow channel greatly improves filter
throughput by reducing the mean distance of any particle to the closest electrode surface.
This is in contrast to the filter throughput achieved when using 2D (planar) electrodes
positioned at the bottom of aflow channel where many targeted particles immersed in the
bulk volume of the channel do not come close to the electrical field gradient surrounding
the planar electrodes and cannot get trapped. The use of 3D electrodes reduces or
eliminates the number of re-flow cycles that are required to improve filter throughput
when using 2D electrodes.

Although the costs of a diagnostics assay can be reduced with the elimination of |abels by
using DEP and the performance of traditional DEP devices can be improved using
carbon-DEP, a millimeter-sized DEP chip must still be interfaced to large and often
expensive precision apparatus for fluid dispensing. Traditional DEP experimental
platforms rely on a combination of syringes, tubing, valves, and fluidic ports for fluid
manipulation that significantly increases their complexity and has prevented the practical
implementation of DEP-based platforms in settings other than research. The use of a CD
platform significantly reduces the footprint and cost of a DEP system and makes it
amenable for assay automation. The entire fluid network is contained in a single DEP

chip to eliminate the use of syringes, external valves, tubing and any other supporting



fluidic elements. This work differs from DEP platforms where electroosmosis is used as
pumping force in that centrifuga pumping does not depend on the electric nor
physicochemical properties of the sample.

Microfluidic CD technology has been developed as a unique aternative for handling
biological analysis. CD microfluidics rely on forces and pressure gradients induced on a
spinning CD platform to move sample liquids. Centrifugal pumping compares
advantageously to other standard propulsion techniques such as syringe pumps,
ultrasonic, or electrokinetic pumping. Key benefits of centrifugal pumping over other
forms of propulsion techniques include its insensitivity to most pysicochemical properties
of the sample being pumped, such as pH, ionic strength or chemical composition, and the
fact that the system is easy to miniaturize and that it lends itself easily to assay
multiplexing. A wide variety of fluidic functions including valving, decanting, mixing,
etc. have been utilized to enable a variety of biological assays on “Lab-on-aCD” setups.
Examples of commercial applications of Lab-on-a-CD technology include the Piccolo®
xpress (from Abaxis, Inc.) for a blood eectrolyte analysis and Gyrolab® (from Gyros
AB) for the automation of immunoassay processing.

The work presented here is organized as follows. Chapter 1 presents a genera
background on the three main topics integrated in this work: dielectrophoresis, glass-like
carbon and centrifugal microfluidics. Chapter 2 resumes the fabrication of carbon-DEP
devices and possible further improvements to it. Chapter 3 details the modeling and
anaysis of the electric and flow velocity fields in a carbon electrode array. Chapter 4

details the experimental validation of using carbon-DEP devices for cell sorting. Chapter



5 presents the integration of carbon-DEP devices and centrifugal microfluidics and the

validation on the use of the resultant platform in DEP applications.



CHAPTER 1. Background

1.1 Dielectrophoresis

Dielectrophoresis (DEP) enables the selective manipulation of a targeted particle, or
population of particles, using the interaction of a non uniform electric field with the
induced effective dipole moment of the particle(s)’. DEP is advantageous over other
particle separation techniques such as FACS (Fluorescence-activated cell sorting) and
MACS® (Magnetic-activated cell sorting) because discrimination between different
particlesis based solely on their intrinsic physical properties, i. e., membrane morphology
and internal compartmentalization in the case of cells, and not on external tags. These
physical properties determine the particle's dielectric properties and give it a
characteristic dielectric phenotype. Therefore, the use of DEP eliminates functionalized
magnetic beads or fluorophores required by other separation techniques such as
magnetophoresis and flow cytometry. The elimination of the often expensive labels
reduces assay complexity, time and costs which can expand the availability of diagnostic
tests, such asfor HIV, and make therapies for cancer or degenerative diseases available to

abroader number of patients.

1.1.1 Historical overview

Dielectrophoresis was first described by Pohl back in 1951*. His work is described in his
1978 book “Dielectrophoresis’®. However, significant work on DEP only came with the
advent of microfabrication techniques. The know-how and the wider availability of tools
to fabricate closely-spaced microelectrodes allowed for the generation of electric field

gradient magnitudes that could be used for DEP using only tens of volts. Pethig,



Gascoyne and collaborators generated an explosion on DEP-related journa articles
throughout the 1990s. Selected examples include the separation of latex particles®, the
separation of viable and non viable yeast cells*®, the characterization of
microorganisms™’ and virus®, the purification of blood and bone marrow from cancer
cells™® and the enrichment of stem cell populations™*2. Other pioneers include Morgan
and Green™, Fuhr'**®, Zimmermann™® and Jones'’. DEP became mainstream in the 2000s
and separation of many different particles including virus'®, DNA™ and many other
different cells was reported®. Alternatives to traditional planar metal electrodes aso
emerged in the 2000s and include 3D electroplated-metal electrodes”™?, insulator-based
DEP?#, the use of “liquid electrodes’®, the use of doped-silicon electrodes® and of
course the use of glass-like carbon as it will be detailed in this work. Table 1.1 resumes
the capability to manipulate a wide variety of cells using DEP. A given cell type may
have been manipulated by authors other than those presented here, especially in the cases
of yeast cells, e.coli and latex particles. An excellent review on DEP fundamentals and
the use of DEP in diagnostics is by Gascoyne and Vykoukal *°. Excellent book references

include those by Jones'’, Morgan and Green™® and Hughes?’.
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Table 1.1 Selected examples of cell manipulation using DEP

Particles Electrodes Reference
Materi aI

1992 | Cellulose spheres, pollen interior, pollen membrane Cr/Au planar
and sporoderm, Cellulose spheres, pollen of Pinus
sylvestris
1992 | Friend murine erythroleukaemia (DS19) Au planar 2
1994 | HL-60 leukaemia cells, human blood cells - - 0
1995 | CD34+ Au planar 3
1995 | Festuca arundinacea, micrococcus |uteus Au planar *
1997 | Red Blood Cells (RBC), T-lymphocyte, Hepatocyte, : +
DS19, HL-60, MDA-231, MDA-435, MDA-468
1998 | Protoplast Cr/Au, ITO | planar 34
(Indium
Tin Oxide)
1999 | Carboxyl modified latex spheres (216, 282 and 557 nm | Ti/Pd/Au | planar ®
diameter), Tobacco mosaic virus, Herpes simplex virus
2000 | Trophoblast cells and mixed peripheral blood | Ti/Pd/Au | planar %
mononuclear cells
2001 | Cortical neurons from rat fetuses Au planar ¥
2002 | Normal and Babesia bovisinfected erythrocytes Pt planar *
2002 | Polystyrene beads, HL-60 cells Au 3D -
2003 | Escherichiacoli strain K12, Cr planar *
2004 | Bovine pulmonary arterial endothelial cells, NIH/3T3 Au
fibroblasts (fibronectin | planar 40
covered)
2004 | Neurons, Glial cells Pt planar “
2004 | Normal and Parasitized (Malaria) erythrocytes Cu planar 4
2005 | B-lymphocytes, T-lymphocytes, CD34+, Granulocytes, Au planar “
Monocytes
2005 | Yeast cells p-type 3D 4
heavily
doped Si
2006 | U-937 human lymphoma cells Au planar ®
2006 | Polystyrene microbeads and HEK 293 cells Au 3D 46
2008 | Mouse fetal-derived NSPCs (neurons and astrocytes) Au planar 4
Mouse neuroblatoma cells (N115) Human embryonic
kidney cells (293 cells)
2008 | Insulinomacells (BETA-TC-6 and INS-1) ITO planar @
2008 | Small cell lung cancer cells (NCI-H69) Au planar @
2009 | Human breast cancer epithelia cells (MCF 7), healthy Cr/Au planar 0
breast cells (MCF 10A)
2009 | Leucocytes (neutrophils, eosinophils) Pt planar >
2009 | MDA-MB-435, MDA-MB-468 and MDA-MB-231 Cu/Au planar >
2009 | RBC, staphylococcus Aureus Cr/Au planar >
2009 | DS19 erythroleukemiacells Cu/Au planar >
2010 | Mouse hybridoma 3-2H3 cells, MDCK cells of Dog W planar >
Kidney
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2010 | Endothelial progenitor cells (EPCs), white blood cells Au planar 0
(Jurkat Célls)

2010 [ HCT116 colorectal cancer cells, Human Embryonic ITO planar >
Kidney 293 cells (HEK 293) and Escherichia coli (E.
coli)

2010 | Alpha-fetoprotein (AFP) carcinoembryonic antigen ITO planar >
(CEA)

2010 | B16F10 cells (Mouse melanoma lung cells) Ti/Cu planar >

2010 | THP-1 human leukemiacells PDMS 3D ®

(iDEP)

2010 | Polystyrene beads (8 and 25 pm) and HepG2 (Human Ti planar ol

Liver Cells)
1.1.2 Theory

The dielectrophoresis force Fpep 0n a spherical particle of radius r in a medium m is

given by:
Fpgp = 27T5m7”3R‘9’[JCCM]V|Er2ms| (11
with
& Em
Re [fem]l = ey (12

where r denotes the radius of the particle, wE the magnitude of the electric field gradient,
sp* the complex permittivity of the particle and &, of the media. Complex permittivity &
isgiven by:

x jo

E = &€— E (1.3

and depends on the permittivity € and conductivity o of the particle or the media and the
frequency f of the applied electric field. The imaginary number -1 is represented by j. A
non uniform electric field is necessary to induce a DEP force as stated in equation 1.1
(otherwise wE = 0). The magnitude of the induced DEP force on a particle with fixed
radiusr is proportiona to the absolute value of Re[fcpm] and the magnitude of the electric
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field gradient squared. Positive values of Re[fcv], see equation 1.2, for a given particle
denote the induction of a DEP force that causes it to migrate towards regions with an
eectric field gradient magnitude (positive DEP) while negative values of Re[fcy] denote
the opposite behavior with particles moving towards regions of no electric field gradient
(negative DEP). The polarity of Re[fcy] is given by the difference between the complex
permittivity of the media and that of the cell. The use of a suspending media with high
conductivity usually leads to a complex permittivity that is significantly higher than that
of the cell and negative DEP is aways induced on the cells when using a frequency
within the range from DC up to severa tens of MHz. Positive DEP is only obtained when
the complex permittivity of the cell is higher than that of the media. The complex
permittivity of the cell is determined by its dielectric phenotype. Such phenotype is
determined by the cell membrane properties (surface area, thickness), volume,
endoplasmic reticulum (if well developed), nuclear size (if reasonably large in proportion
to the total cell size), cytoplasmic ion content and ion mobility in the cytoplasm. A shell
model is used to model such complex dielectric properties of cells*. The number of shells
depends on the physical properties of the real cell and may include one or severa shells.
For example, mammalian cells are usually modeled as one-shell model to account for a
cell membrane containing a cytoplasm. Plant cells and certain microorganisms are
modeled using a two-shell model to account for the presence of a cell wall enclosing the
membrane and the cytoplasm. A double shell model may aso be used when the nucleus
size is more than 50% of the space inside the cell ®. For molecules and very small
particles in low conductivity media, the volume of the conductive double layer created at

the interface of the particle boundary and the conductive mediais comparable to or larger
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than the particle itself, and the properties of this region are used to determine the AC
electrokinetic response of the particle. In fact, the DEP responses of molecules are so
completely dominated by the charge double layer that discrimination between subtly
different molecules is near impossible. DEP forces exerted over molecular size particles
are aways positive and are far more dependent on the solution conditions than on

structural aspects of the biomolecules ®,

1.1.3 Electrode types and materials commonly used in DEP

The implementation of a dielectrophoresis force on a sample requires a non uniform
electric field across the sample (equation 1.1). This non uniform field creates volumes of
different electric field magnitudes across the sample where particles can be selectively
positioned according to their dielectric phenotype and different experimental parameters.
Most of the work in DEP relies on the use of metal microelectrodes contained in a flow
channel to induce such non uniform electric field in the sample. However, the use of
metal microelectrodes in direct contact with the sample severely restricts the magnitude
of the applied voltages as one must prevent sample electrolysis. Moreover, the fabrication
of metal elecrodes, especialy when dealing with 3D electrodes rather than planar (2D)
electrodes, quickly turns relatively complicated and expensive. For example, the use of
3D metal electrodes (e.g., a set of high-aspect ratio posts) requires the use of metal
electroplating that often restricts high yields and may result in more expensive devices.
Examples of DEP work with electroplated gold structures are the works by Wang et al. ®,
who incorporates the 3D electrodes in the side-walls of a microfluidic channel and uses
DEP to focus a stream of particles, and by Voldman et al. %, who implements a cell

interrogation site for flow cytometry applications by using DEP to trap cells in between
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3D electrodes. An alternative to the use of metal microelectrodes as detailed above is to
use arrays of insulator structures, usually fabricated from polymers or glass, to locally
distort the electrical field. In this technique, known as insulator-based dielectrophoresis
or iDEP?®® metal electrodes (for example extruded wire rods or machined meta
plates) positioned outside the flow channel are used to set up the field over the insulator
structures. A voltage as high as thousands of volts is applied to the metal electrodes to
generate a uniform electric field that is rendered non uniform in the vicinity of the
insulator structures. When using this technique, the sample is usually contained in the
insulator array and the possibility of electrolyzing the sample is minimized. However,
iDEP requires very high voltages (electric field magnitude is inversely proportional to the
gap between electrodes and in iDEP the separation between metal electrodes can bein the
order of centimeters) to create a suitable electric field for dielectrophoresis.

The use of 3D structures that cover most of the height of a flow channel greatly improves
filter throughput by reducing the mean distance of any particle to the closest electrode
surface. This is in contrast to the filter throughput achieved when using 2D (planar)
electrodes positioned at the bottom of a flow channel where many targeted particles
immersed in the bulk volume of the channel do not come close to the electrical field
gradient surrounding the planar electrodes and cannot get trapped as illustrated in Fig.
1.1. The use of 3D electrodes reduces or eliminates the number of re-flow cycles that are
required to improve filter throughput when using 2D electrodes. The advantage of using
3D over 2D electrodes is experimentally proven in this work (chapter 4). Previous work
on 3D electrodes includes that by Wang et a. ** and Voldman et a. * who used

electroplated gold structures to induce DEP on cells; that by Iliescu et al. “%®% who used
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doped-silicon structures to trap cells using DEP and most of the work in iDEP done by
Cummings, Lapizco-Encinas, Davalos and collaborators to sort a variety of cells, proteins
and microorganisms™®" " Table 1.2 resumes the advantages and disadvantages of
common electrodes used to create a DEP force. The comparison of these electrodes to the

use of glass-like carbon electrodesis also presented.

Traditional 2D Electrodes 3D Electrodes

. Particle not experiencing DEP . Particle experiencing DEP

Fig. 1.1 Comparison between the use of 2D and 3D electrodes

Table 1.2 Common electrodes used in DEP compared to glass-like carbon electrodes in terms of
their advantages and disadvantages

Evaporated easy fabrication, wuses low | low throughput, sample
metal voltage electrolysis

Electroplated 3D | high throughput, uses low | expensive, fabrication
gold voltage yield, sample electrolysis

Insulator-based 2D, | high throughput, eliminates | need for high voltage
(glass, plastics) 3D | sample electrolysis, amenable
for injection molding

Glass-like 2D, | relatively easy fabrication, high | currently opaque

carbon 3D | throughput, minimizes sample | substrate (silicon),
dectrolysis, requires tens of | carbon is not idea
volts only conductor
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1.1.5 Glass-like carbon as an alter native electrode material for DEP

Several dlotropes of carbon exist including diamond, graphite, lonsdaleite,
buckminsterfullereness, graphene and glass-like carbon to name a few (for a complete
overview of carbon allotropes the reader is referred to Martinez-Duarte et a. ). The
physical properties of carbon vary widely with the allotropic form. For example, diamond
is highly transparent while graphite is opaque and black. Here the focus is on the
patterning of glass-like carbon for the fabrication of micro electrodes. Glass-like carbons
are amorphous materials derived through the carbonization, or pyrolysis, of organic
polymers in inert atmospheres. The resultant carbon has a glass-like appearance in the
sense that is smooth, shiny and exhibits a conchoidal fracture' [30]. Because of its
appearance, glass-like carbon has also been referred as “vitreous carbon” or “glassy
carbon”?. The use of glasslike carbon electrodes in dielectrophoresis combines the
advantages of metal-based DEP and insulator-based DEP (iDEP) and yields some other
key benefits that make carbon-DEP an alternative to current DEP techniques. For
example, the possibility of sample electrolysis is reduced with the use of carbon

electrodes, an advantage shared with iDEP, while low voltages are enough to polarize the

! Some crystals do not usually break in any particular direction, reflecting roughly equal
bond strengths throughout the crystal structure. Breakage in such materials is known as
fracture. The term conchoidal is used to describe fracture with smooth, curved surfaces
that resemble the interior of a seashell; it is commonly observed in quartz and glass.
Conchoidal fracture. (2009). In Encyclopaedia Britannica. Retrieved April 08, 2009, from
Encyclopaedia Britannica Online: http://www.britannica.com

2 Although glass-like carbon is similar to vitreous carbon and glassy carbon, the lUPAC
(International Union of Pure and Applied Chemistry) suggested the use of the term glass-
like carbon over glassy or vitreous carbon as the latter ones have been previously
introduced as trademarks “* Fitzer, E., Kochling, K. H., Boehm, H. P., and Marsh, H.,
Recommended Terminology for the Description of Carbon as a Solid, Pue and applied
chemistry 67 (3), 473-506, 1995.
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carbon electrodes and create an electrical field suitable for DEP, an advantage shared
with metal-electrode DEP. The possibility of sample electrolysis is minimized when
using carbon electrodes because carbon has a much wider electrochemical stability
window than metals commonly used in thin film electrode fabrication such as gold and
platinum and affords higher applied voltages in a given solution without electrolyzing it
7 Even though the eectrical conductivity of glass-like carbon is lower than that of
metals (more details under electrical characterization in chapter 2), suitable electric fields
for DEP can be generated by polarizing carbon electrodes with voltages in the range of
tens of volts instead of the hundreds or thousands of volts between metal plates required
in iDEP. The use of carbon electrodes yields other benefits as well. Glass-like carbon is
chemically very inert in amost all solvents/electrolytes. Remarkably, it withstands attack
from strong acids such as nitric, sulfuric, hydrofluoric or chromic and other corrosive
agents such as bromine. Even though it reacts with oxygen it only does so at high
temperatures and with an oxidation rate that is lower than those of any other carbon
form”™. Glass-like carbon has good mechanical properties: a hardness of 6 to 7 on Mohs'
scale, a value comparable to that of quartz and a Young's Modulus in the range from 10
to 40 GPa (compare to 200 GPa of stainless steel) "°. Thermally, it features a coefficient
of thermal expansion of 2.2-3.2 X 10° K™, similar to that of some borosilicate glasses,
and thermal conductivity less than 1 W mK™. Carbon is the building block of nature and
thus glass-like carbon has excellent biocompatibility that enables its use in a variety of

77-79

implants and as a preferred substrate for cells to grow ®. Glass-like carbon has a

density that ranges from 1.4 to about 1.5 g/cm™, compared to 2.3 g/cm for graphite,
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which suggests a significant degree of porosity. X-ray diffraction studies show that glass-

like carbon presents a closed pore nature with size <1 nm %% 884,

1.2 Glass-like carbon and Carbon MEM S

1.2.1 Historical overview

Glass-like carbon appears to be first derived in 1915 by Weintraub and Miller®.
However, a sustained flow of publications did not begin until the early 1960s when
independent groups from Japan and England first disclosed the properties and methods of
derivation of the novel carbon allotrope®™®”. Its unique properties have been beneficial to
various applications along the years. Initialy, its extreme chemical inertness and gas
impermeability were exploited to fabricate laboratory equipment such as beakers, basins
and boats™. Since glass-like carbon is not wetted by a wide range of molten metals, it is
an ideal material for the fabrication of crucibles with applications in metallurgical and
chemical engineering®. Its resistance to erosion and high melting point makes it an ideal
material for mandrels, steam, fuel and rocket nozzles and other equipment in mechanical
and electrical applications. Moreover, glass-like carbon has been used in heart valve

implants and other biomedical devices thanks to its biocompatibility "*

. “Glassy”
carbon electrodes have become so popular that they represent a significant fraction of the
multi-billion electrochemistry market.

From the microfabrication standpoint, glass-like carbon microstructures were not
reported until the late 1990s by Schueller and co-workers at Harvard University. In their
process, polydimethylsiloxane (PDMS) molds were fabricated using soft lithography and

then used to pattern furfuryl acohol-modified phenolic resins and phenol-formaldehyde

19



resins, which were subsequently carbonized®®*. This fabrication technique allowed them
to work with flat or curved surfaces and derive different structures (including free-
standing lateral comb drives, diffraction gratings and grids) with dimensions as small as a
few micrometers and featuring high aspect ratios if desired. Microelectromechanical
functions were also demonstrated®™. During the same decade, initid work on the
derivation of carbon from photoresists emerged in the quest for aternatives to carbon
films produced by physical deposition techniques. The interest was driven by the use of
pyrolyzed photoresists in batteries, electrochemical sensors, capacitors and
MicroElectroMechanical Systems (MEMYS). Electrochemical studies of carbon films
derived from positive photoresists were conducted in 1998 by Kim et al. in Berkeley, CA
% and later by Ranganathan et a. ¥ at Ohio State University (OSU). By 2000, K ostecki
and co-workers patterned these carbon films as microelectrodes and studied the influence
of the geometry in their electrochemical response®. Pyrolyzed Photoresist Films still
derived from positive resists were surface-characterized in 2001 and determined to have a
near-atomic flatness™. The resultant carbon showed an electrochemica behavior similar
to glass-like carbon although with decreased surface roughness. In 2002 the derivation of
carbon from negative photoresists was reported by Singh et al. at OSU'®. They used SU-
8, a relatively new epoxy-based photoresist at that time'®, and polyimide to fabricate
circular patterns. The carbon obtained with this precursor showed higher resistivity and
vertical shrinkage than the one synthesized from positive resists. Furthermore, the carbon
derived from SU-8 showed higher vertical shrinkage and poorer substrate adhesion than
that from polyimide. Nevertheless, resistivity from SU-8 carbon was slightly lower than

polyimide's *®. In 2005, structures with aspect ratios higher than 10 were reported by
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Wang et a. at the University of California, Irvine (UCI)™. A variety of complex high-
aspect ratio structures, such as posts, suspended carbon wires, bridges, plates, self
organized bunched posts and networks, were built this way. Continuous work on carbon
micro and nanostructures has been conducted since 2004 by the same group at UCI and
collaborators in a variety of applications including Lithium-ion batteries'®®, fuel
cells'®!%  electrochemical sensors™’, cell culturing substrates®, dielectrophoresis'®*,

111,112

micromolding and fractal electrodes ***. Other groups have also recently

integrated carbon structures for their use in gas sensors™.

1.2.2 Carbon MEMS

Carbon-MEMS (or C-MEMYS) can be defined as the set of methods that can be used to
derive glass-like carbon structures from patterned organic polymers, featuring dimensions
ranging from hundreds of micrometers down to tens of nanometers. C-MEM S combines
different polymer micro and nanofabrication techniques with pyrolysis to derive glass-
like carbon features. These polymer fabrication techniques include stamping, casting,
machining and photolithography. The choice of each technique is dictated by the quality,
complexity and final dimensions of the desired carbon part. In this regard, the
incorporation of photolithography to the C-MEMS toolbox enabled a more precise
control on the dimensions and complexity of the precursor polymer structures. The
existence of commercial high-quality precursors and standardized photolithography tools
make the fabrication process and the dimensional control highly reproducible. The advent

of Next-Generation Lithography (NGL) techniques, such as electron beam lithography
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(EBL), nanoimprint lithography (NIL) and focused-ion beam (FIB), will further reduce

the dimensions and greatly increase the intricacy of the resulting carbon structures.

1.2.3 Carbon derivation

Carbonization is the process by which solid residues with a high content of carbon are
obtained from organic materials, usually by pyrolysisin an inert atmosphere ”. Different
precursors to obtain glasslike carbon may be used, including phenolic resins,
polyfurfuryl alcohols, cellulose, polyvinyl chloride and polyimides’®®*?2 Different
degrees of shrinkage and carbon yield (the ratio of the weight of carbon to the weight of
the original polymer sample) are obtained during carbonization depending on the
precursor used. Phenol-formaldehyde, polyfurfuryl acohol and polyvinyl alcohol have
the highest yields, with an approximate 50% carbon™’. Novolac resins, or acid-catalyzed
phenol formaldehyde resins, are commonly used as photoresists and have recently
become the material of choice to derive carbon structures featuring micro and nano
dimensions. Their volume shrinkage varies from 50 to 90% 91012 As with all
pyrolytic reactions, carbonization is a complex process with many reactions taking place
concurrently, including dehydrogenation, condensation, hydrogen transfer and
isomerization*****°. The pyrolysis process of organic compounds can be divided into
three magor steps. pre-carbonization, carbonization and anneaing. During pre-
carbonization (T < 573 K) molecules of solvent and unreacted monomer are eliminated
from the polymeric precursor. The carbonization step can be further divided into two
stages. From 573 to 773 K (300 to 500 °C), heteroatoms such as oxygen and halogens are
eliminated causing a rapid loss of mass while a network of conjugated carbon systems is

formed. Hydrogen atoms start being eliminated towards the end of this stage. The second
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stage of carbonization, from 773 to 1473 K (500 to 1200 °C), completely eiminates
hydrogen, oxygen and nitrogen atoms and forces the aromatic network to become
interconnected. At this point, permeability decreases and density, hardness, Young's
modulus and electrical conductivity increase. Sulfur does not evolve until even higher
temperatures (> 1800 K), and certain metallic impurities, e. g. iron, may even require a
leaching process to be eliminated. The final step, annealing, is carried out at temperatures
above 1473 K , alowing to gradually eliminate any structural defects and evolve further
impurities. The final pyrolysis temperature determines the degree of carbonization and
the residua content of foreign elements. For instance, a T ~ 1200 K the carbon content
of the residue exceeds a mass fraction of 90% in weight , whereas at T ~ 1600 K more
than 99% carbon is found'?®**!, Glass-like carbon is characterized as a type of char® and
is classified as a non-graphitizable, or non-graphitizing, carbon. It isimportant to mention
that glass-like carbon is usually derived from thermosetting resins which do not melt
during the carbonization process but rather maintain their shape along the process. Glass-
like carbon does not graphitize even when heat treated at 3273 K (3000 °C). The inability
of the graphitic planes to grow and stack parallel to each other even at high temperatures
is due to the entangled nature of glass-like carbon structure. The most widely known and
accepted model is the one that considers this type of carbon as made up of tangled and
wrinkled aromatic ribbon molecules that are randomly cross-linked by carbon-carbon

covalent bonds. The ribbon molecules form a networked structure, the unit of which is a

% Char is a solid decomposition product of a natural or synthetic organic material. If the
precursor has not passed through a fluid stage, char will retain the characteristic shape of
the precursor (although becoming of smaller size). For such materials the term
“pseudomorphous” has been used. In contrast, coke is produced by pyrolysis of organic
materials that have passed, at least in part, through a liquid or liquid-crystalline state
during the carbonization process.
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stack of high strained aromatic ribbon molecules. Such structure of crystallites reflects
the features of thermosetting resins structure which are commonly used as precursors for
glass-like carbons. This model explains the most experimental results obtained so far on

glass-like carbons including its impermeability, brittleness and conductivity -,

1.2.4 Carbon M EM S using SU-8 Photolithography

The carbon electrodes presented in this work were fabricated using the Carbon MEMS
(C-MEMY) technigue with SU-8 as the organic precursor. Photolithography was used to
pattern the electrodes. Photolithography refers to the use of light to pattern a substrate.
Duein part to its heavy use by the Integrated Circuits (IC) industry, UV photolithography
is the most widely used form of lithography. SU-8 is an acid-catalyzed negative
photoresist!, made by dissolving EPON®-SU-8 resin (a registered trademark of Shell
Chemical Company) in an organic solvent such as propylene glycol methyl ether acetate
(PGMEA), cyclopentanone or gamma-butyloractone (GBL) and adding up to 10 wt% of
triarylsulfonium hexafluoroantimonate salt as a photoinitiator. Commercial formulations
also include 1-5% propylene carbonate. In a chemically amplified resist like SU-8, one
photon produces a photoproduct that in turn causes hundreds of reactions to change the
solubility of the film. Since each photolytic reaction results in a “amplification” via
catalysis, this concept is dubbed “chemica amplification” **. The viscosity of the

photoresist, and hence the range of thicknesses accessible, is determined by the ratio of

* If the photoresist is of the type called negative (also negative tone), the photochemical
reaction strengthens the polymer, by random cross-linkage of main chains or pendant side
chains, thus becoming less soluble. If the photoresist is of the type called positive (also
positive tone), the photochemical reaction during exposure of a resist weakens the polymer
by rupture or scission of the main and side polymer chains, and the exposed resist becomes
more soluble in developing solutions. In other words, in negative photoresists light
crosslinks while in positive ones light scissions.
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solvent to SU-8 resin. The EPON resist is a multifunctional, highly-branched epoxy
derivative that consists of bisphenol-A novolac glycidyl ether. On average, a single
molecule contains 8 epoxy groups which explain the 8 in the name SU-8. The materid
has become a magor workhorse in miniaturization science because of its low UV
absorption (up to thicknesses of 2 mm), high chemical and thermal resistance and good
mechanical properties that make it suitable as a structural material. For example, Abgrall
et a.. > fabricated SU-8 microfluidic devices with different techniques including the
successive lamination and patterning of SU-8 layers on existent topographies. The use of
SU-8 photoresists allows for the coating of thick layers (up to 500 pm) on a single spin
coat, or thicker layers in multiple spin coatings, and high aspect ratio structures with
nearly vertical sidewalls. SU-8 cross-linking starts upon the irradiation of the photoresist.
In the exposed areas, the photoinitiator decomposes to form hexafluoroantimonic acid
that protonates the epoxides on the oligomer. These protonated oxonium ions are in turn
able to react with neutral epoxides in a series of cross-linking reactions after application
of heat. In other words, irradiation generates a low concentration of a strong acid that
opens the epoxide rings and acts as a catalyst of the chemically amplified cross-linking
process that gets further activated by the application of heat.

Based on discoveries in the late 1970s by Crivello and Lam at Genera Electric >+,
scientists at IBM discovered that certain photo-initiators, such as onium salts, polymerize
low-cost epoxy resins such as EPON®-SU-8. Compositions of SU-8 photoresist were
patented by IBM as far back as 1989 **” and 1992 **. Originally, SU-8 was intended for
printed circuit board and e-beam lithography but it is now used in awide variety of other

processes. In view of its many advantages over available UV photoresists, including the
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fabrication of high aspect ratio MEMS features, different formulations of SU-8
photoresists began to be commerciaized by MicroChem (www.microchem.com) in 1996
(see Table 1.3). Gersteltec has recently entered the market (www.gersteltec.ch) with
novel SU-8 compositions that include dyes and silica or silver nanoparticles. Some of the
most important SU-8 properties are listed in Table 1.4. Data sources for the SU-8

139

properties listed here (and many more) can be found in Chollet *** and Guerin **

Table 1.3 Viscosity, percentage of solids and density of different SU-8 photoresist formulations
available from MicroChem

SU-8 SU-8 2000 SU-8 3000

casting solvent: gamma- | casting solvent: cyclopentanone casting solvent: cyclopentanone
butyrolactone

Tl e el O el el
2 49

2000.5 14 3 |1070
395 | 1.123 | 2002 1.123
5 290 52 1164 | 2005 45 45 1.164 | 3005 | 65 50 1.075

2007 140 525 | 1.175
10 | 1050 | 59 1.187 | 2010 380 58 1.187 | 3010 | 340 60.4 | 1.106
2015 1250 63.45 | 1.2
25 | 2500 | 63 1.200 | 2025 4500 68.55 | 1.219 | 3025 | 4400 | 72.3 | 1.143
2035 7000 69.95 | 1.227 | 3035 | 7400 | 744 | 1.147
50 | 12250 | 69 1.219 | 2050 12900 | 71.65 | 1.233 | 3050 | 12000 | 75.5 | 1.153
2075 22000 | 73.45 | 1.236
100 | 51500 | 73.5 | 1.233 | 2100 45000 | 75 1.237
2150 80000 | 76.75 | 1.238
Note: n equals viscosity, %sol equals percentage of solids and p equals density

Table 1.4 Selected SU-8 properties

Y oung's modulus 4.02 - 4.95 GPa

Poisson ratio 0.22

Friction coefficient 0.19

Glass temperature (Tg) 50-55 °C un-cross-linked
>200°C crosslinked

Degradation temperature (T ) ~380°C

Boiling point 204 °C

Coefficient of thermal expansion (CTE) 52 10°%/K

Thermal conductivity 0.2W/mK

Specific heat 1500 Jkg K

Vapor pressure 0.3mmHg at 20 °C

Density (of EPON® SU-8 resin) 1200 kg/m®

Refractive index 1.668 un-cross-linked
1.67 —1.8 cross-linked

Dielectric constant 4-45c¢g,

Electrical breakdown fields ~10" V/m

Resistivity >10° Q cm
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SU-8 photolithography generally involves a set of basic processing steps. photoresist
deposition, soft bake, exposure, post-exposure treatment and developing. De-scumming
and post-baking might also be part of the process. A detailed resume of all the possible
SU-8 photolithography steps is presented in Table 1.5. When patterned at 365 nm, the
wavelength at which the photoresist is the most sensitive, total absorption of the incident
light in SU-8 is reached at a depth of 2 mm. In principle, resist layers up to 2 mm thick
can be structured **'. Yang and Wang recently confirmed this astounding potential
experimentally **? by fabricating structures with aspect ratios above 190 (for features
with a 6 um thickness and a height of 1150 um). Aspect ratios greater than ten are
routinely achieved with SU-8. Aspect ratios up to 40 for lines and trenches have been
demonstrated in SU-8-based contact lithography **%,

For a more thorough review on the fundamentals of photolithography and its use to
pattern other resists the reader is referred to Madou'®. The reader is also encouraged to

consult SU-8 photolithography reviews by del Campo et a. ** and Abgrall et al.**.
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Process Process
Step Description

Table 1.5 SU-8 photolithography processing steps

Processing
Parameters

RENELS

333 33

glass transition
temperature of
SU-8 resist at
this point, in
the  un-cross-
linked state, is
55°C

thick)

Photoresist is | Spintime, speed and | Layer thicknesses from a few micrometers
deposited on a | acceleration  when | to hundreds of micrometers (~ 500 pum) are
Photoresist | clean substrate. | using spin coating. | possiblein asingle coat
... Substrate Layer thickness is | Long spin times at a given speed yield
Deposm ON | materials inversely better layer uniformity
include glass, | proportional to spin | Accumulation of resist on the substrate
S, quartz, | time, speed and | edges during spin coating causes ridges
B | o'ymers,  etc. | acceleration (known as edge beads) and can be
Different removed with commercial solutions or
Uncrosslinked | deposition acetone
SuU-8 techniques Lamination and casting are alternatives to
exist but spin spin coating to deposit layers thicker than
[ substrate coating is the 500 um
most common
Casting solvent | Temperature  and | The use of a hotplate is recommended to
is evaporated | time. Soft bake | avoid skin effects. Baking the photoresist
Soft Bake from the | temperature is | layer in convection ovens evaporates the
or photoresist. usually 95 °C. Times | solvent present on the top surface of the
Pre-bake SU-8 does not | can be as short as a | photoresist first, hardens the surface and
flow a room | couple of minutes | hindersthe evaporation of solvent from the
temperature (layers <5 um-thick) | bulk of the photoresist
Solvent after a proper | or as long as hours | Elevated temperatures (>120 °C) during
) soft bake. The | (layers > 200 pm- | soft bake can activate resist
evaporation

polymerization and reduce contrast

A sufficient amount of residual solvent in
the soft-baked resist allows the polymer
matrix to relax more and thus minimizes
the residual stress which otherwise can
cause pattern debonding from the substrate
at the end of the photolithography process

Exposure

Energy

Irradiation

ey

ﬁ Photo mask

Irradiation from
an energy
source
generates a low
concentration
of a strong acid
that opens the
epoxide rings
of theresist and
acts as a
catalyst of the
chemically
amplified
cross-linking
reaction

Exposure dose. This
value is also known
as energy dose and

is given by the
product of the
source power

intensity times the
exposure time. In
practice, the power
intensity of the
source is usualy
fixed and the energy
dose can be varied
by changing the
exposure time

Energy sources include extreme, deep and
near ultra-violet (UV) lights, x-rays and
ion and electron beams

SU-8 is commonly exposed using light in
the near UV range (including the i-line
(365 nm) and g-line (435 nm) of a mercury
lamp). In this case, the use of a filter to
eliminate light wavelengths below 360 nm
is recommended to minimize T-topping, or
an exaggerated negative slope of the
structure walls

Multi-level topographies can be fabricated
in one exposure step using gray tone
masks or software masks

Photoresist can be exposed through the
substrate (known as back-side exposure) if
the substrate has a low UV-absorption
coefficient. This approach yields structure
walls with shallow, positive slopes that
prove ideal in molding applications
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Post The cross- | Temperature  and | The precise control of PEB times and
linking process | time. More than | temperatures critically determines the

Exposure | tivated time, PEB | quality of the final features

Bake during temperature is of | Insufficient PEB times and/or
exposure gets | crucial importance. | temperatures that are too low vyield
further A two-step post- | structures that are not completely cross-
activated by the | exposure bake (at 65 | linked and can be attacked by the
application of | °C and 95 °C for | developer
heat. SU-8 is | different times) is | Temperatures below 55 °C do not
fully recommended by | polymerize the matrix completely
polymerized MicroChem but | regardless of the bake time

I after a proper | temperatures Therma stresses increase with resist
post exposure | between 55 and 75 | thickness and can cause cracking of the
bake. Theglass | °C and extended | pattern’s surface, structure bending or

Crosslinked | transition baking times have | complete peeling from the substrate in the
SuU-8 temperature of | been suggested to | worst cases
cross-linked minimize  internal | The use of a substrate material with a
SU-8 is above | stresses  in the | coefficient of thermal expansion similar to
200 °C pattern that of SU-8 can minimize thermal stresses
in the pattern

Devel op Un- Time and agitation | Constant agitation during development is
polymerized rate. Development | recommended to constantly feed fresh
SU-8 dissolves | times range from | developer to the resist pattern and decrease
upon few minutes (for | developingtimes
immersion in a | layers thinner than | Care must be taken when developing high
developer agent | 10 um) to hours (for | aspect ratio structures, as excessive
such as | layersmore than 400 | agitation can cause mechanical breakage
Propylene pm-thick). Agitation | Layers thinner than 2 pum are
Glycol Methyl | is usualy done | recommended to be developed by rinsing
Ether Acetate | manually. In this | with PGMEA instead of batch immersion

[ BEGEYIFN case, an approximate | in the developer

value for agitation | Megasonic cleaning systems can be useful
rateis 60 Hz. to develop densely packed high aspect
ratio structures.

Dryi ng This step | Surface tension of | Iso-propyl alcohol (IPA) is the most
removes  the | the liquid where the | commonly used liquid to replace the
devel oper. SU-8 pattern is | developer
Drying immersed in prior to | Stiction forces developed in narrow gaps
methods drying. The | can be strong enough to bend and join SU-
include replacement of | 8 patterns together during drying, even
nitrogen PGMEA by a liquid | when using IPA
blowing, with lower surface | As the gap between high aspect ratio
spinning, tension is | structure  decreases below a few
freeze-drying recommended  for | micrometers, freeze-drying and
and the prevention of | supercritical drying methods must be
supercritical structure  collapse | employed
drying during the resist

drying process
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1.3 Centrifugal Microfluidics

1.3.1 Historical overview

The field of centrifugal microfluidics began in the late 1960s with the development of the
centrifugal analyzer. The inventor, N. Anderson from Oak Ridge National Labs (ORNL),
developed a clinical chemistry analyzer which incorporated a rotating disc with a multi-
cuvette assembly, and a stationary optical detector designed for use with a computer. In a
short time other optical technologies were incorporated to measure light transmittance,
fluorescence, chemiluminescene, and light-scattering properties of several simultaneously
initiated reaction mixtures. The implementation of these analysis systems helped to create
new tools to develop new methods for clinical laboratory applications, including
chemistry, toxicology, immunology, and hematology.

By the time Anderson published his landmark paper in 1969

, multiple companies were
offering prototype versions of the centrifugal analyzer. The first commercia system was
introduced by Electro-Nucleonics, Inc. in 1970. By 1981, the commercial field had grown
to five companies that were offering related products: Electro-Nucleonics, Inc. offered
the GEMSAEC and GEMINI; Centri Union Carbide offered the CentrifiChem; American
Instruments the Rotochem; Instrumentation Laboratories, Inc. offered the Multistat, and
Roche the Cobas-Bio. The next phase in development of centrifugal microfluidics wasin
1989 with the formation of Abaxis, Inc. who bought the patents from ORNL for their
version of the clinical analyzer and began to develop it as a tool for blood anayte
analysis. This represented a shift in the utilization of centrifugal microfluidics from a
research-oriented tool to a diagnostic platform. In 1995, Abaxis introduced the Piccolo®

rotor system which integrated sample processing steps required for anayte analysis and
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incorporated self-contained reagents for each step. The Piccolo system would become the
flagship for arange of blood panel products encompassing severa areas of medicine.

In 1998, Madou and Kellogg from Gamera (a US startup company based on microfluidic
centrifugal technology) introduced the next generation of centrifugal microfluidics as
described in “The LabCD: A centrifuge-based microfluidic platform for diagnostics.”**°
The paper outlined basic centrifugal theory of pumping fluids and introduced valving,
mixing, sample entry and metering as basic fluidic functions on a CD. Their work
represented an expansion of centrifugal technologies into new realms of biological and
chemical anaysis by introducing microfabrication techniques to create and merge
miniaturized fluid networks and microsensors on a single disposable CD platform. This
was a departure from previous efforts which relied on larger assemblies made with
standard production methods and represented the first example of micro-scale features
embedded on a CD. Instead of large rotors, compact discs and CD readers were used for
anaysis. Madou, Kellogg, and the entire Gamera team were also the first to redlize that
the CD platform could be used as an advanced sample-to-answer system. Even though
clinical analyzers had the advantage of being able to perform high throughput assaysin a
short time, they often required trained technicians to carry out severa steps on different
machines. The LabCD offered a unique and attractive platform to overcome limitations
of the macro-scale centrifugal systems of that time. It also opened up the possibility for
more advanced tools to be created; if other chemistries could be retained on the CD, like
antibodies necessary for ELISAs or probes necessary for DNA analysis, then applications
for drug development through genomics and proteomics and molecular diagnostics and

genetic testing could become possible. Gamera, later acquired by Tecan in July 2000,
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would continue to develop the LabCD mainly for assays related to drug development
such as ADMET — absorption, distribution, metabolism, excretion and toxicity'™. Even
though Tecan advanced Gamera's system significantly, Tecan discontinued their CD
effortsin 2005.

The early 2000s saw a rapid development of academic and commercial endeavors to
incorporate new assay designs on a CD. In this context, Kido et a. first introduced disc-
based immunoassay microarrays for agriculture and environmental analysis in 2000, In
that work, a piezoelectric inkjet applicator mounted on a standard CD drive was used to
apply high density microarrays of proteins on a standard CD-sized polycarbonate
substrate. Competitive inhibition immunoassays were then performed with an incubation
step of a fluorescent tracer on the disc followed by analysis via a fluorescence scanner. In
that same year, Gyros AB was founded and would go on to commercialize a CD-based
assay system that automated sandwich immunoassay processing. Their products available
on the market are used today as a tool for high-throughput immunoassay analysis™-.
Several other companies would later adapt immunoassay technology on the CD platform
in various implementations: Quadraspec developed label-free technology for identifying
changes in protein arrays, while Burstein Technologi es™ and Advanced Array
Technology™* developed array methods on the disc for analyzing nucleic acids. Table

1.6 resumes selected works on the use of centrifugal microfluidics.
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Table 1.6 Selected examples of biological assays and fluidic functions performed using
centrifugal microfluidics

Fluidic Functions
splitting

Whole blood processing X X o0k
Colormetric detection of 155, 1575
biochemical markers
Sample lysis and X X X 9
homogenization

Nucleic acid amplification X X 160,161
I mmunoassay X X X X 152,158,162
DNA microarray X X 163165
hybridization
Cell culture and manipulation X 109,166,167
Organism culture X X 168,169

*Note: in the Abaxis system ™" both whole blood processing and colormetric detection of
biochemical markers are integrated in one disk but their fluidic functions are isolated from each
other. After blood processing the sample is transferred to a separate set of chambers where is split
and mixed with reagents for colormetric detection

1.3.2 Centrifugal microfluidicsin diagnostics applications

Centrifugal microfluidics has emerged as an advanced technology for biological analysis.
The platform has the potential to become a standard tool for mainstream diagnostics. All
steps needed to manipulate a fluid in a network, such as mixing, valving and metering of
sample fluids, can be automated simply by implementing different spinning profiles. The
use of microfabrication allows for the miniaturization of the network and the integration
of multiple analysis steps on a single disc towards the development of microfluidic
sample-to-answer systems also known as micro total analysis systems (UTAS)'”.
Another benefit of miniaturization is multiplexing; many individual assays can be run
simultaneously on the same disc. Furthermore, optica systems can be developed to

interface with disc-based assays and allow for the rapid identification of biological

targets.
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Centrifugal microfluidics platforms offer many advantages when compared to other chip-
based pumping techniques. Centrifugal pumping involves a minimal amount of
instrumentation, requiring only a simple and compact motor to create the forces needed
for fluid manipulation. The fluid is propelled at a rate proportional to the rotation speed
of the platform. Centrifugal pumping does not require externa interconnects to induce
fluid movement such as when using a syringe pump. This allows for the complete fluidic
network (and indeed the inclusive assay or set of clinical tests) to be contained within a
single disc. Since centrifugal microfluidics is usually a vented system, air bubbles are
eiminated from the network. The use of centrifugal pumping is advantageous over
electrokinetic methods because it does not depend on the physicochemical properties of
the fluid, such as its pH or ionic strength. Since CDs can be made from inexpensive
materials, like polycarbonate, and are easily mass-produced, they can be manufactured
very inexpensive to enable disposabl e devices.

A variety of fluids have been successfully pumped using the microfluidic CD platform
and include solvents, surfactants and biological fluids (e.g. blood, mucus, urine, milk).
Many fluidic functions other than pumping have been successfully integrated on the CD
platform and include valving, decanting, calibration, mixing, metering, sample splitting,
and fluid separation. The automation of these functions guarantees a minimal dependence
on the skill of the platform operator and reduces time and error of a given assay due to

handling.

1.3.3 Fluidic functionsin centrifugal microfluidics

This section introduces various microfluidic functions that have been implemented on the

CD for biological processing. An explanation of the individual functions serves as an
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introduction to give the reader insight into how the integration of such systems enables
biological processes on-CD. The complex fluid handling involved in biological assays

often requires the combination of several of the functions presented below.

Centrifugal pumping

Centrifugal pumping remains the primary method of propelling fluidsin a CD. Asthe CD
spins, centrifugal forces induced on the fluid drive it outwards from the CD center toward
the edge of the disc. Centrifugal flow rates depend on the rotational speed, radial location
of the fluid reservoirs/channels, channel geometry, and fluidic properties (e.g., viscosity,
density, etc.) of a sample’™ "2 The flow rate Q in a micro channel featuring laminar,

viscous and incompressible flow is given by the general equation:
AP
Q= — (1.4)

where 4P denotes a pressure gradient and R the fluidic resistance exhibited by the
channel. This resistance depends on the cross section of the channel. For example, in the
case of a circular cross section the Hagen-Pouiseuille equation applies with R =
128uL/nD* where D is the diameter of the channel cross-section, L is the length of the
channel and p is the dynamic viscosity (in Nssm™). In the case of a rectangular cross

section with an aspect ratio >> 1, the fluidic resistance Ris given by*”:

12ul
wh3

R = (15)

where L is the length of the channel and w and h are the width and height of the channel
cross-section respectively. The flow rate in a rectangular cross section micro channel is

thus obtained as:
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APwh3
12uL

Q= (1.6)

The centrifugal pressure P. depends on the distance r from the center of rotation as:

9P _ 2
Pl rpw (1.7)

where p is the density of the fluid and o is the angular velocity of the centrifugal
platform. Integration of Equation 1.7 from ry, the point of the channel closest to the center
of the disc, to rp, the point of the channel furthest away from the center, resultsin:

AP. = pw?*7Ar (1.8)

Wherer = (r, + r1) / 2 and 4r = r, - r1. Plugging equation 1.8 into equation 1.6 thus yields
the flow rate induced by the centrifugal forcein a channel of rectangular cross section as:

pw?rArwh3

Q= —7— (1.9

12uL

Madou and Duffy et al. demonstrated that the flow rates predicted by simple centrifuge
theory follow well with experimentally measured flow rates'”. Flow rates ranging from 5
nl-s* to over 0.1 ml-s* have been achieved by various combinations of rotational speed
from 400 to 1600 rpm, channel widths from 20 to 500 pm, and channel depths from 16 to
340 um. The dynamic pumping range of the CD platform extends far beyond these limits,
as wider channels and higher rotation speeds are easily achieved'”. Duffy et al.'”®
measured flow rates of various kinds of samples including water, plasma, bovine blood,
urine and polymerase chain reaction (PCR) products, and reported good agreement
between experiment and theory, noting also that the centrifugal flow rates are relatively
insensitive to physiochemical properties such as ionic strength, pH, conductivity, and the
presence of various analytes. Thus, the microfluidic CD platform provides a unique
pumping mechanism that can be controlled with precision and accuracy, providing a very
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large dynamic range in terms of fluidic pumping rates and volumes as well as
types/properties of fluids being pumped. This is one of the most important aspects of
utilizing the CD platform for biological applications, as it alows successful pumping of
many different fluids on the same disc where, for example, one may need to pump both
viscous and less viscous blood (depending on the patient) as well as standard reagents

and buffers.

Valving

Capillary valves

Valving is essential to CD microfluidics to precisely control fluid movement throughout
assay processing. Capillary valves, in particular have been extensively used in many
centrifugal microfluidic systems for biomedical applications'™. The fundamental
principle is based on a balance between capillary pressure (i.e., surface-tension induced
pressure, Ps) and centrifugally-induced pressure (P,): liquid will not pass through a
capillary valve as long as the centrifugal pressure is less than or equal to the capillary
barrier pressure. Capillary pressure develops from heightened surface tension at the
liquid-air interface when the cross section of a hydrophilic capillary expands abruptly.
Duffy et al. modeled capillary valving by balancing the pressure induced by centrifugal
forces with the capillary pressure Ps”’. Madou et al. have utilized critical burst frequency
calculations to achieve sequential operation of multiple, serial capillary valves by simply
increasing the spin speed"®*®. Experimental capillary-valve burst frequencies on a CD

have been shown to be in good agreement with calculated burst frequency values'®,
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Hydrophobic vaves

Hydrophobic valves rely on either a sudden narrowing in a hydrophobic channel, or
functionalized hydrophobic regions in microchannels to impede fluidic movement.*® % In
both cases, fluid can be forced past these valves when the rotational speed exceeds a
certain critica value. Hydrophobic valves have been implemented in several ways for
biological assays. For example, Gyros AB used hydrophobic patches at the entrances of

microchannels as a similar method to control the fluidic movement within a centrifugal

device™?.

Siphoning

A CD-based siphon structure is often used for both liquid valving and transfer’>>'">,
Siphoning relies on the priming of liquid into a siphon channel due to capillary action;
therefore the siphon channel surface must be hydrophilic. When the CD is spinning at
high speeds, centrifugal forces keep the meniscus front below the crest level of the
siphon. When the rotating disc speed is reduced below a critical vaue, the channel is
primed, and the siphon can transfer the liquid as soon as the meniscus passes the crest
point. The liquid flow stops as soon as the liquid level is hydrostatically balanced or there
is a discontinuity in the liquid column. Siphon valving in centrifugal microfluidics
provides a valving solution for CD applications that require higher spin speeds as the first

step of the operation (e.g. plasma separation from whole blood).

Volume metering

Liquid volume metering is an essential function in centrifugal fluidics, not only to

achieve proper reagent volumes for diagnostic assays, but also to ensure reproducible
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valving processes on a CD. For example, excessive or insufficient fluid volumes in a
chamber can result in the premature breakage of a capillary valve or falure of a siphon
valve. Volume metering in a CD is primarily achieved through the simple use of an
overflow channel connected to a fluidic chamber™®**®!. Once the chamber has been filled
to the radial level of the overflow channel, any additiona fluid is routed to a waste
chamber. Steigert et a. discuss the significance of “wicking” that occurs along the edges
of CD-based metering chambers, and introduce design principles to reduce its negative
effect on metering variation. As part of an integrated colorimetric assay, they reported the

136 Centrifugal devices must be

metering of 300 nL with a 5% coefficient of variability
designed to minimize the “wicking” effects since the precision of the metered volume is

of utmost importance in the metering process.

Mixing
Mixing is necessary in biomedical diagnostic applications in order to homogenize
samples and to combine various reagents for downstream analysis. However, mixing is
difficult to achieve in microfluidic platforms due to constraints of the microscale domain.
As with microfluidics in general, the microscale channels in centrifugal platforms feature
low Reynolds numbers and thus operate in the laminar flow regime'”. This means that
there is no convection and fluidic mixing is limited to mixing by diffusion which can be a
very slow process. A number of approaches to achieve rapid mixing have been
demonstrated on centrifugal microfluidic platforms to overcome this problem!*®1>18%,
One method uses rapid oscillations of the CD to achieve rapid mixing in low-Reynolds
182

number regimes (viz., oscillations between clockwise and counter clockwise rotation) <.

The flow inertia and counteracting viscous damping improves the rapid mixing in larger-
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scale fluidic chambers. Additionally, by introducing paramagnetic particles in the liquid
and by positioning permanent magnets aligned in non-symmetrical positions underneath
the mixing chamber, a magnetic stirring effect can further decrease mixing time™.
Ducree et a. have also shown that the Coriolis pseudo-force is also efficient for

continuous-flow mixing in “macroscopic” fluid chambersin centrifugal systems'®,

Flow switching

Complex biological assays often require various analytes to be directed to different
chambers and/or channels on the CD. Controlling the direction of the flow can be
achieved by various methods on a centrifugal microfluidic platform. A common method
for flow switching in a centrifugal device is to utilize the Coriolis force within a Y-
shaped structure (asingle inlet channel splitsinto two symmetric outlets)*”. The equation
for the Coriolisforceis:

Feoriolis = 2pwv (1.10)

where v is the velocity of flow in the rotating disc, and the remaining terms were defined
above. At low spin frequencies, ®, the Coriolis force is negligible compared to
centrifugal forces and the liquid is evenly distributed between the two outlet channels.
However, at higher frequencies, the Coriolis force is large and the flow can be directed
fully to one or the other of the outlet channels depending upon the direction of the CD
rotation.

In addition, flow switching can also be achieved by exploiting surface property
differences of the channel structures on the disc. In a centrifugal device developed by
Gyros AB, hydrophaobic patches at the channels entrances were utilized to direct flow to

downstream chambers. Depending on the centrifugal force, the fluid either breaks past
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the capillary valve, or continues past it and flow into the second hydrophilic channel ™.
Flow switching has great potential in rapid biological analysis utilizing, for example,
solid-phase extraction. After a protein binding assay and the washing steps, the eluted

sample product can be transferred to a different chamber simply by utilizing one of the

above mentioned flow switching methods.
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CHAPTER 2. Fabrication of carbon-electrode DEP devices

The use of carbon electrodes for DEP combines advantages offered by traditiona
techniques such as metal-electrode DEP or insulator-based DEP (iDEP). The benefits of
using carbon electrodes in DEP are detailed in chapter 1. Briefly, the possibility of
sample electrolysis is reduced with the use of carbon electrodes, an advantage shared
with iDEP, while low voltages are enough to polarize the carbon electrodes and create an
electrical field suitable for DEP, an advantage shared with metal-electrode DEP. Other
important benefits include the excellent biocompatibility of carbon, its remarkable
chemical inertness and good mechanical properties. The fabrication of carbon-DEP
devices is presented in this chapter. To the best knowledge of this author no previous
integration of carbon electrodes and microfluidics has been done for DEP applications. A
flow diagram of the fabrication process is shown in Fig 2.1. The process starts with the
fabrication of the electrodes. The carbon-DEP chips presented in this work feature glass-
like carbon electrodes that are derived through the pyrolysis of patterned SU-8°. A
microfluidic network is then fabricated or positioned around the electrodes. On-substrate
microfluidics are fabricated by patterning SU-8 around the electrodes and covering the
fluidic network with drilled glass or polycarbonate. Off-substrate microfluidics refers to
the fabrication of the fluidic network using a process that is independent from the
fabrication of the carbon electrodes. Casted PDMS or a stack of patterned polycarbonate
and double-sided adhesive are fabricated off-substrate and then manually positioned
around the electrodes. The fluidic and electrical interconnects permit the connection of

the carbon-DEP chip to a syringe pump and a function generator respectively. Each

® Even though SU-8 is used in this work, carbon can be derived from a variety of organic
precursors as detailed in chapter 1
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fabrication step in the process is detailed in the first part of this chapter. The
characteristics of al the different carbon-DEP devices fabricated here are then resumed to
illustrate the development from the initial proof-of-concept to the current state-of-the-art.
Such resume is followed by a discussion on the reliability and fabrication cost and time
of each generation of carbon-DEP devices. Initial results on possible improvements to
current carbon-DEP devices such as the use of transparent substrates and metal
interconnecting leads to the base of the carbon electrodes are presented to conclude the

chapter.

ELECTRODES
Off-substrate
v microfluidics
PDMS
On-substrate Polycarbonate + adhesive
microfluidics
SuU-8
v ‘ :
cover integration
Glass
Polycabonate
v i
Electrical and fluidic interconnects

Fig. 2.1 Fabrication flow chart of carbon-DEP devices
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2.1 Electrodes

DEP applications require for the electrodes, regardless of their material, to be closely
spaced and to provide the biggest trapping volume possible. The DEP force is directly
proportional to the squared magnitude of the established electric field gradient between
electrodes as stipulated in egn.1.1. The electric field E is directly proportiona to the
voltage V used to polarize the electrodes and inversely proportional to the gap d between
them (E = V-d™%). If the gap between electrodes increases, the applied voltage must
increase accordingly to meet the electric field requirements. Since electric fields up to 10°
V-m™ ® are necessary to create a suitable DEP force, electrode gaps narrower than 100
um must be fabricated to keep the voltage levels below 10 V. In the case of carbon-DEP,
the precursor SU-8 structures can shrink up to 50% during pyrolysis and thus the gaps in
the SU-8 pattern must be fabricated significantly smaller than those desired between
carbon electrodes. The electrodes used in DEP are also required to provide with the
biggest trapping volume possible to increase the throughput during DEP-assisted cell
sorting. The trapping volume is directly proportiona to the contact area between an
electrode and the solution containing the targeted cells. For example, a 100 pm-diameter
carbon cylinder will provide more trapping volume than a 50 um-diameter electrode of
the same height. A tall cylinder will provide more trapping volume than a shorter one of
the same diameter. Furthermore, a square prism with a cross-section featuring 50 um-
sides will provide more trapping volume than a 50 um-diameter cylinder but less than a
100 um-one if the three structures have the same height. Obviously, the trapping volume
can be increased by adding more electrodes to the array. Electrodes that are as tall as the

micro-channel containing them are also desired. Tall channels are desired because the



flow rate inside them is bigger than that inside shorter channels of the same width. Y et,
the flow velocity in both channels is the same. The continuity equation establishes that
the mass flow rate Q in a micro-channel equals the product of the flow velocity » and the
cross-section area A of the channel (Q = v-A). The cross-section area of the channel can
be increased by fabricating taller or wider channels. Taller, rather than wider, channels
are desired to maintain a small footprint of the DEP chips. The flow rate in the channel is
thus increased to process a given sample volume in a shorter period of time. But the flow
velocity is kept constant following the continuity equation. The hydrodynamic drag force
acting upon cells flowing in a micro-channel depends directly on the flow velocity. If the
hydrodynamic drag force is stronger than the DEP trapping force created on the positive-
DEP regions around the electrodes, the targeted cells will never be trapped. Therefore,
low flow velocity tranglates into a hydrodynamic force that can be easily overcomed by a
DEP force created using practical voltages and electrode gaps. In resume, carbon-DEP,
and DEP in general, benefits from the use of dense arrays of tall electrodes.

The fabrication of carbon electrodes is illustrated in Fig. 2.2: SU-8 photolithography is
first used to pattern the precursor resist (Fig. 2.2a); followed by pyrolysis to carbonize
such pattern (Fig. 2.2b) and then de-scumming to physically isolate each carbon
electrode. SU-8 photolithography is also used after de-scumming to pattern a thin SU-8
layer around the carbon electrodes (Fig. 2.2¢). This thin layer serves both as an electrical
insulator and a protective barrier to the carbon connecting leads located underneath. The
transition from Fig. 2.2a to 2.2b illustrates how the structures shrink during pyrolysis.
The quality and dimensions of the carbon electrodes depend mainly on those of the SU-8

precursors and thus the SU-8 photolithography process must be optimized accordingly.
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Several references exist on the fabrication of tall high aspect ratio SU-8 structures
142184185 iyt those structures are usually fabricated hundreds of micrometers apart. Few
authors discuss the fabrication of dense arrays of tall (>100 pm), high aspect ratio (> 1:1)
SU-8 structures, for example . In this case a compromise between the aspect ratios of
the gap (between structures) and the structures must be established to prevent structure
bending and stiction during pattern drying after development in an agueous solution. This
section starts with the modeling of stiction in different array geometries. The fabrication

of carbon electrodes asillustrated in Fig. 2.2 is then detailed.

interdigitated fingers I I I I
carbon 3D electrodes and thin SU-8 layer over
H connecting electrical leads connecting electrical leads
pyrolysis

suU-8 . Carbon
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Madou 7 aans 2000 Madois ) RSO b Asd 508 Oharry
SU-8 Posts and interdigitated fingers Carbon Electrodes and connecting leads  thin tterned around electrodes

Fig. 2.2 The different processes required for the fabrication of carbon electrodes for DEP
applications

2.1.1 Modeling of stiction between high aspect ratio structures

Stiction is an important problem in the micro-world. The surface tension forces that
develop in a narrow gap during the drying of patterns from developer fluid can be
capable of pulling structures together as shown in Fig. 2.3. Stiction can be minimized by

increasing the stiffness of the individual structures, increasing the gap between them or
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by using a developer with low surface tension. The replacement of developer with a
liquid with even lower surface tension, i.e., acetone or 2-propanol, before drying can also
prove beneficial. Here we focus on alternatives to reduce stiction between SU-8
structures. In genera, the stiffness of a structure mainly depends on the Y oung modulus
of the material. However if the structure must be fabricated out of a specific material,
such as SU-8 in this case, the geometry, dimensions and aspect ratio of the structure must
be optimized to prevent stiction. The effect of structure dimensions and geometry on
preventing stiction is detailed in this section. The impact of varying the gap between
structures and the fluid used to immerse the pattern before drying is also detailed but a

theoretical model isfirst developed.
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Madou 10.0kV 12 .0mm xB0 9f27/07 S00um Madou 10.0kV 12.0mm x100 $27/07 S00um

Fig. 2.3 Examples of stiction in a SU-8 cylinder array

The force F acting on the two structures shown in Fig. 2.4 can be calculated by
F= AP D (2.1
where D is the contact length of the structure with the air-fluid interface. The capillary
pressure difference AP across the surface of the air-fluid interface can be calculated using

the Y oung-L aplace equation
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AP =y (3 +-) (22)

Ry ' Ry
where v is the surface tension of the liquid. R, and R, denote the principal radii of

curvature® of the air-fluid interface and are given by

R= Y5 (2.3)

2cos@

where g is the gap between structures and 6 is the contact angle of the fluid with the

structure.
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Fig. 2.4 Model used to analyze stiction forces developed when drying the liquid between two
structures

®The principal curvatures at a given point of a surface are the eigenvalues of the shape
operator at the point. They measure how the surface bends by different amountsin
different directions at that point
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Here the capillary in between two structures is modeled as two infinite parallel plates and
R, is considered to be infinite. Other authors have considered the case of a2 X 2 array of

187 or considered a variation on the

square columns and modeled the capillary as a tube
radii of curvature as the deflection of the structure increases **. The case of only two
structures is detailed here since the electrode arrays presented below are asymmetric. The
gap between the electrodes in one axis is approximately half of that between electrodesin
the other axis. It is assumed stiction is eliminated at the wider gap as long as it is
prevented from happening in the narrower gap. In an ideal situation equal capillary forces
act on both sides of a column contained in the array, counteract each other and stiction is
not expected to happen (except for the structures at the outer edge of the array). However,
in area device dtiction results from the interaction of many factors that frequently are
hard to control such as contaminants. The radii of curvature R is maintained constant in
this model since the beam deflection is calculated only at itstip. The tips of the beams are
typically the first regions to make contact since it is here where the effect of the pulling
force from the fluid is most severe. In this simplified model there is no need to account
for changes in R as the bending increases. The structures presented here are modeled as
beams with one end fixed on the substrate and the other end free (fixed-free). A

uniformly distributed load aong the length of the beam is given by the pulling action of

the fluid contained between the beams. In this case the deflection of the tip of the beam ¢

isgiven by
FL*
6= SEI (2.9)

49



where F is the force (capillary force in this case) acting along the height L of the
structure and E and | are the Young modulus and the second moment of inertia of the
structure respectively. Solving for 6 using equations 2.1 through 2.4 gives

2 6DL*
o = cycosvoL (2.5)
8gEI

In simplified terms, stiction happens when the deflection of the beams is more than half

the gap between them so 6max = %. Solving for L in equation 2.5 to obtain the upper limit

on the height of the structures to prevent stiction gives

4 _ 2EIg?
L* = Dycos0 (25)

Therefore the maximum height of the structures depends directly on the Y oung modulus
E of the structure material, the gap g between structures and the moment of inertial given
by the geometry and dimensions of the structures. The maximum height is inversely
proportional to the surface tension y of the immersion liquid, the contact angle 6 between
such liquid and the structural material and to the contact length D between the capillary
and the structure. The structural materia in thiswork is assumed to be SU-8 and a 'Y oung
modulus of 4.02 GPa s considered. The Y oung modulus of SU-8 depends greatly on the
processing conditions and different values from 3.5 to 5.88 GPa have been reported
189190 The value used here is that of SU-8 baked at 95 °C after exposure but not hard
baked **. The Young modulus of glass-like carbon is in the range of 23-30 GPa 81!,
The impact of the moment of inertia, gap between structures and the choice of immersion
liquid on the maximum structure height is detailed next.

The second moment of inertia of a given structure is determined by the geometry and

dimensions of its cross-section at a plane parallel to the substrate. Only structures with a
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constant cross-section along their length are considered here. The equations to calculate
the area and moment of inertia of typical geometries are presented in Table 2.1. A wider
selection can be found in the work by Symonds et al*®. The stiction force acting on the
structures is assumed to be positioned on the axis illustrated by the arrows in the table
figures. The cases where the force acts on a different axis are not considered here since

the structures fabricated in this work are collinear to each other.
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Table 2.1 Second moment of inertia for different cross-sections with respect to an horizontal axis
through the centroid of each shape (denoted by the arrow in selected figures). From %

Geometry Area Moment of inertia
() (m*)
r rt
Circle @ > r? e
b ————
Ellipse [~ N\ . nab nab®
: 1 " 4
__la
> a*
Square - a? 12
a
h
Rectangle > bh bh?
12
b
Hexagon / \ 2.598a? 0.5413a*
a
. . na* 3
Equilateral Polygon na (n) =—1
a = length of side T 96tan (=) \ 2 (sin(=
n = number of sides e (ﬁ) n ( (n))
Pentagon n=5 1.7204a? 0.2395a*
Heptagon n=7 3.6339a? 1.055a*
Octagon n=8 4.8284a* 1.8594a*

The moment of inertia depending on the area of the cross-section or the characteristic
dimension of the cross-section geometry is plotted in Fig. 2.5 a) and b) respectively. The
moment of inertia is independent from the geometry as long as equilateral polygons
featuring the same area are used. For example the use of a square, circle or octagon
geometry yields the same moment of inertia as long as their areais kept constant. Wider

areas yield higher moments of inertia as shown in Fig. 2.5b. In this case the characteristic
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dimension of the geometries is maintained equal. The characteristic dimension is either
the side length of a polygon (when the number of sidesnis5, 6, 7 and 8), the radius of a
circle or the side length of a square. The use of an octagon geometry yields the highest
moment of inertia but only because its areais the widest.

The variation on the moment of inertia as a circle transforms into an ellipse or a square
into arectangle is plotted and illustrated in Fig. 2.6a and b respectively. The moment of
inertia increases proportional to the dimensions of the structure. Most importantly, the
moment of inertia is more efficiently increased by elongating the circle or the sguare
aong an axis perpendicular (instead of parallel) to the force acting on the structure
(denoted by the arrows in the figure).

Structures with circular cross-section (posts) are considered in the rest of this work. A
post array minimally disturbs the laminar flow established in a micro-channel as detailed
in chapter 3, section 3.2. Moreover, the use of post electrodes creates an electric field
gradient in the sample that is more gentle to biologica cells than the gradient established
using an electrode cross-section with sharp corners, i. e., square or hexagon. The moment
of inertia of a structure with circular cross-section is the same as that of structures with
other equilateral polygon cross-sections (square, pentagon, etc.) as long as their area is

equal.
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Fig. 2.5 The variation of the moment of inertia when a) the surface area of the geometry or b) the
characteristic dimension of equilateral polygons are maintained constant
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Fig. 2.6 Variation on the moment inertia when a) a circle transforms into an ellipse and b) a square
becomes arectangle

The effect of the SU-8 post radius and the correspondent moment of inertia on the
maximum post height L and aspect ratio AR=height/width is shown in Fig. 2.7a and b
respectively. The plots were obtained using equation 2.5 assuming the immersion liquid
to be water (y = 72.7 mN-m™) and the gap between SU-8 structures to remain constant at
20 um. The height L is left as afunction of D. The contact angle between water and SU-8
is assumed to be 80° ¥, Although the use of wider posts enables the fabrication of taller
posts the aspect ratio of the structure is equal at all dimensions. Equation 2.5 was again
used to estimate the effect of the gap between posts on the maximum el ectrode height and
aspect ratio but now assuming a constant post radius of 50 um. All other parameters are
equal to those detailed immediately above. The use of wider gaps between structures

allows for the fabrication of taller posts given a post radius which increases the aspect

ratio of the structure.
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Fig. 2.7 The effect of SU-8 post radius, gap between posts and immersion liquid on the maximum
a) post height and b) aspect ratio that can be fabricated without stiction

The effect of the choice of immersion liquid is also illustrated in Fig. 2.7. A liquid with
low surface tension enables the fabrication of taller posts with higher aspect ratio.

However, the change on post height depending on the immersion liquid is not as
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significant as that obtained when increasing the gap. For example, the surface tension of
water is 72.7 mN-m™* while that of isopropyl acohol (IPA) is only 23 mN-m™. Even
though the surface tension of water is 3.16 times more than that of IPA, the maximum
post height using IPA (248 um) is only 1.31 times higher than when using water (188
um). Although the contact angle between water and SU-8 is around 80°, this angle
changes depending on the liquid employed. Here the contact angle is kept constant
regardless of the immersion liquid. Thisis not completely accurate and the contact angle
between SU-8 and the liquid of choice must be used to obtain a more redlistic result.
Table 2.2 resumes the surface tension of different liquids. Immersion of the sample in
liquids with very low surface tension such as perfluorohexane prior drying has been
suggested to reduce stiction '*. The use of critical point drying (CPD) also proves
beneficial. More details on CPD are given in the section “Development, Drying and Hard

bake” below.

Table 2.2 Surface tension of selected liquids. For a wider selection visit www.surface-tension.de

name y
(mN-m™)

Water 72.7
SU-8 developer (PGMEA - propylene glycol monomethyl ether acetate) 26.90
Acetone 25.20
Cyclohexane 24.95
1-Chlorobutane 23.10
Isopropyl alcohol 23.00
M ethanol 22.60
Ethanol 229
n-Octane (OCT) 21.62
Tert-Butylchloride 19.60
n-Hexane (HEX) 18.43
Perfluorooctane 14.00
Perfluorohexane 1191
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2.1.2 SU-8 Photolithography

The use of photolithography alows for highly precise patterning of thick (up to hundreds
of micrometers) SU-8 layers to obtain tall high aspect ratio structures with near-vertical
side-walls. The basic SU-8 photolithography process includes substrate cleaning, spin
coating, soft bake, exposure, post exposure bake and development. A comprehensive
overview on SU-8 photolithography and the pyrolysis process is given in Chapter 1. In
the work presented here a two-step photolithography process is implemented as shown in
Fig. 2.8. The first step is to fabricate what will become after pyrolysis the carbon
connection pads to the function generator, and the electrical connection leads from these
pads to the bottom of the electrodes. The second step is used to fabricate the 3D carbon
electrodes and may not be needed when fabricating 2D electrodes since the electrodes
and the connection pads can be patterned out of the same layer (a finished SU-8 device
and the corresponding carbon structures are shown in Fig. 2.9 to illustrate the connection
pads, leads and electrode posts). The first and second steps include all the basic
photolithography process with the exception of substrate cleaning which is not needed in
the second step. Fiducials are fabricated in the first layer and are used to align the second
mask. These alignment marks are covered using adhesive polyimide tape before the
coating of the second SU-8 layer. The SU-8 fiducials may otherwise not be resolved
during mask aligning since they would be surrounded by SU-8. The tape, and the resist
deposited on it, isremoved after soft baking and prior exposure of the second layer. Table
2.3a and b resume the different recipes followed to fabricate various thicknesses of both

thefirst layer (denoted by Leads) and the posts.
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Fig. 2.8 Fabrication flow chart for carbon electrodes
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Fig. 2.9 A typical carbon electrode array used for carbon-DEP and its SU-8 precursor

Table 2.3a Spin programs used in this work and resultant layer thicknesses

First step - spread Second step — thickness
def|n|t|on

500um

Substrate

FILTER 1 500 255 2000 - 2" square | glass
(F1)

FILTER 2 25 170 500 | 10 255 700 40 - 5" square | glass
(F2)

PLANAR INTERDIGITATED FINGERS THAT WILL BECOME ELECTRICAL LEADS
Leads 1 10 255 500 | 10 310 3000 40 8.95 4" circle | SO,
Leads 2 10 255 500 | 10 340 3000 40 9.67 4" circle | SO,
Leads 3 2010 255 500 | 10 340 3000 40 11.2 4" circle | SO,
Leads 4 25 170 500 | 10 255 2800 40 | 16.67 4" circle | SO,
Leads 5 25 170 500 | 10 255 2500 40 19.1 4" circle | SO,

POSTS THAT WILL BECOME ELECTRODES
Posts 1 25 170 500 | 10 255 2250 40 | 2252 4" circle | SO,
Posts 2 50 170 500 | 10 255 1300 40 98 Y, 4" circle | SO,
Posts 3 2150 340 500 | 15 340 4500 60 100 4" circle | SO,
Posts 4 50 170 500 | 10 255 1100 40 130 4" circle | SO,
Posts 5 2150 340 500 | 15 340 2000 60 144 4" circle | SO,
Posts 6 2150 340 500 | 15 340 2000 60 173 | Y4 4" circle | SIO2
Posts 7 2150 340 500 | 15 340 1200 60 333 | Y4 circle | SO,
Posts 8 2150 170 500 | 10 340 1000 40 444 | Y44 circle | SO,
INSULATION LAYER
Insulation 1 2 425 1000 | 10 510 3000 60 1.38 4" circle SO,
Insulation 2 2 425 1000 | 10 425 2200 60 1.49 4” circle SO,
Insulation 3 2 425 1000 | 10 425 1800 60 1.68 4" circle SO,
ON- SUBSTRATE CHANNEL AND PDMSMOLD

Channel 1 50 170 500 5 255 3000 30 50 Y44” circle | SIO,
Channel 2 50 170 500 | 10 255 1800 40 | 66.38 | ¥ 4" circle | SIO,

Notes. a = acceleration, s = speed, t = time, Tg,.g = thickness of the SU-8 layer. All circular substrates are
500-550 um thick <100> wafers. The ¥4 4" circle substrate size is obtained by breaking the wafer in 4
identical pieces. Similarly ¥24” circle substrate size is obtained by breaking the wafer in 2 identical parts.

60

SiO, substrates denote a5 kA layer of SiO, on silicon




Table 2.3b The fabrication process of all structures done in this work

ID Soft Exposure PEB Development | Tcabon
tag Bake D (mJcm-) | Filter used | (minutes) Type (um) | Remarks
(minutes)

Filter 1 25 none N/A —flood 65.8%
(F1) exposure absorban
ce
Filter 2 50 600 none 9 N/A —flood N/A 85%
(F2) exposure absorban

ce
PLANAR INTERDIGITATED FINGERS THAT WILL BECOME ELECTRICAL LEADS

Leads 1 8 160 none 35 Immersion 1.38
Leads 2 7 120 none 25 Immersion 1.49
Leads 3 6 120 none 25 Immersion 151
Leads4 9 140 none 3 Immersion 2.38
Leads5 16 200 none 6 Immersion 2.55
POSTS THAT WILL BECOME ELECTRODES
Posts 1 10 300 F1 5 Immersion 5.6
Posts 2 65 800 F1 20 Immersion 52
Posts 3 75 520 F2 15 Immersion 40
Posts 4 45 520 F1 15 Immersion 60
Posts 5 75 480 F2 30 Immersion 73
Posts 6 75 850 F1 25 Immersion 85
Posts 7 75 1135 F1 25 Immersion 207
Posts 8 180 1500 F1 40 Immersion 273 CPD
dried
INSULATION LAYER
Insulation 1 5 120 none 3 Rinsing N/A
Insulation 2 5 120 none 25 Rinsing N/A
Insulation 3 5 120 none 25 Rinsing N/A
CHANNEL AND PDMSMOLDS
Channel 1 23 350 none 6 Immersion N/A
Channel 2 37 370 none 8 Immersion N/A

Note: CPD = critical point drying

Substrate cleaning and adhesion

SU-8 can be patterned on a variety of substrates including glass, silicon and plastics.
However, glass and plastics melt at the temperature required for pyrolysis (> 900 °C).
Although the melting point of quartz is above 1000 °C the carbon patterns tend to peel
off from quartz substrates during pyrolysis due to the difference in the coefficients of

thermal expansion of the materials (more details below under Pyrolysis). Silicon wafers
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of 4" diameter, 500-550 um-thickness and crystal orientation <100> were purchased from
Noel Technologies (Campbell, CA) and are used here for SU-8 photolithography. The
wafers feature athermally-grown 5 kA layer of SiO,. The oxide layer acts as an electrical
insulator between the carbon electrodes.

Prior to spin coating, awafer (as supplied) was rinsed under a jet of de-ionized (DI) water
for 1 minute, rinsed with acetone and iso-propyl alcohol (in that order) and blown-dried
using nitrogen. It was then dehydrated in a convection oven set at 120 °C. This basic
cleaning procedure is to remove any particles from the wafer surface. If wafer recycling
was necessary, the wafer was first stripped out of SU-8 by immersion in a piranha
solution (3:1 parts of H,SO4:H,0,) and then cleaned using the basic procedure just
detailed (DI water, acetone, iso-propyl acohol and dehydration).

Adhesion between SU-8 and silicon oxide depends on both the contact area between
them and the aspect ratio (height divided by contact area) of the SU-8 pattern. A structure
with small contact areais more likely to detach from the substrate than a structure with a
larger contact area and the same aspect ratio. A structure with smaller aspect ratio is more
likely to remain on the substrate than a structure with higher aspect ratio and the same
contact area. The adhesion of the first layer, that to become the connection pads and the
connecting leads to the electrodes, to the silicon oxide was acceptable when the substrate
was cleaned as detailed above. However, this layer is short and wide-spread while the
posts are thin and tall. Hydrodynamic drag forces introduced in the fluid by agitation
during developing are strong enough to detach small posts from the substrate. Stiction
forces during drying can be strong enough to cause the detachment of structures with low

mechanical strength. Mechanical strength is highly dependent on the Y oung's module of
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the material and the dimensions of the structure. Since in this work all structures are
made out of SU-8, the dimensions of the structure become the predominant factors. A
basic study was carried on to quantify the detachment of SU-8 posts from a silicon oxide
layer depending on the diameter and aspect ratio of the posts. The substrates were first
cleaned as detailed above and no adhesion promoters were used. Each substrate was then
coated with a single layer of specific thickness. The spin protocols detailed in Table 2.3b
for Posts 2, 6, 7 and 8 were used to obtain 98, 173, 333 and 444 pum-thick layers
respectively. The mask used for exposure features multiple 10 by 10 circle arrays. All
circles in a given array have the same diameter which ranges from 10 to 100 pum
depending on the array. The gap between circles equals 40 um in all the arrays. The
complete fabrication procedure is detailed in Table 2.3a and b. The SU-8 posts were
characterized qualitatively using an optical microscope. Their thickness was measured
using a surface profiler (Dektak3, Veeco Instruments). The results are shown in Fig. 2.10.
After characterization, the SU-8 posts were pyrolyzed and the resultant carbon electrodes
were characterized using a scanning electron microscope. Some images of the carbon
posts as well as their shrinkage characterization are presented below under Pyrolysis (Fig.
The dependence of adhesion on the diameter of the SU-8 posts and their aspect ratios is
detailed next. The curvesin Fig. 2.10a correspond to the different layer thicknesses that
were coated. Post diameters less than 20 pum do not provide enough adhesion area and are
aways detached during development. Adhesion to the substrate increases with contact
area and posts with a diameter from 20 to 25 um showed an improvement on adhesion
but still detached in 75% of the cases. The detachment of these posts was observed during

development or during drying when the stiction force overcomes the post adhesion to the
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substrate. Posts featuring a diameter greater than 50 um never detached. The gray
gradient shown in Fig. 2.10a reflects the direct dependence of adhesion on the diameter

of the posts.

post thickness/post diameter

Aspect Ratio

-~ o

Madou 10.0kV 12.0mm x110 9/26/07

Fig. 2.10 a) The dependence of adhesion on post diameter and aspect ratio. The gradient reflects the
possibility of pattern detachment depending on the post diameter. The white area denotes no
detachment. b) Mechanical failure of 25 pm due to stiction forces. Note however how the majority of
them remain attached to the substrate

The white area contains those post diameters that never detached from the substrate while
the dark gray contains those that did. The probability of detachment varies for the post

dimensions contained in the gradient between white and dark gray, the lighter the shade
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the less likely a post is to detach from the substrate. Aspect ratios up to 6.5:1 were
achieved on posts with a diameter 50 and 100 pm. The aspect ratio of the 100 um
diameter posts was only 4.4:1 due to the thickness of the thickest layer coated in this
work. The patterning of thicker layers than 444 um was not attempted. However, aspect
ratios up to 6.5 are expected to be achievable on 100 um-diameter posts as well if using a
gap of 40 um in between them. Higher aspect ratios were not achieved due to the fact that
the mechanical strength of the post is overwhelmed by stiction forces developed during
blow-drying using a nitrogen gun. This is clear by the fact that 25 pm diameter posts
which are expected to be 333 um tall (and aspect ratio equal to 13:1) show catastrophic
mechanical failure but remain attached to the substrate (Fig. 2.10b). Improvements to
basic photolithography must be made to achieve higher aspect ratios and smaller
structures. The use of critical point drying (more details below under drying) minimizes
stiction forces’ and allows aspect ratios up to 8.8:1 when patterning a 444 um-thick layer
as 50 pm-diameter posts (top curve on Fig. 2.10a). The use of adhesion promoters such as
MicroChem Omnicoat could enable the fabrication of thin posts (diameter < 20 um) with
high aspect ratios. The fabrication of such posts on top of an existent SU-8 layer, thinner
and wider than the post, can also prove beneficial. Since the interest here is on posts of

diameter greater than 40 um® the fabrication process is optimized accordingly. No

" Increasing the gap between the posts also reduces stiction forces. However, DEP
applications require small gaps as detailed in the beginning of section 2.2.1 Electrodes

8 thick posts translate to more surface area and thus provide with more trapping volume,
and higher throughput, for DEP applications. Tall channels containing tall posts enable the
use of high flow rates, and shorter processing times, while maintaining the particle
hydrodynamic drag force at a strength that is below a given DEP trapping force
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adhesion promoters are used in this work but the SU-8 posts that will become carbon
electrodes for DEP applications are fabricated on top of an existent SU-8 layer. After
pyrolysis, this SU-8 layer becomes carbon and acts as electrical connection from the

function generator to the base of the electrodes.

Spin Coating

Different SU-8 photoresist compositions were acquired from MicroChem (Newton, MA)
and used to fabricate various geometries of different thicknesses (Table 1.3 in chapter 1
resumes the physical properties of all commercialy available SU-8 photoresists). SU-8
10, 25 and 2010 were used to fabricate the precursor polymer structure for 2D carbon
electrodes or for the layer that will become the electrical connection pads and leads to the
base of 3D carbon electrodes. SU-8 25, 50 and 2150 were used to fabricate the precursor
posts for 3D carbon electrodes. Table 2.3a resumes al spin programs used in this work
and the resultant layer thickness.

A photoresist can be deposited on a substrate using different techniques such as spray,
electrodeposition, casting and lamination (for a detailed review on deposition techniques
the reader is referred to Madou et al). Spin coating is used in this work because the
thickness of the deposited layer can be precisely controlled by optimizing the spin
parameters. All substrates were coated using a programmable spinner (Laurell
Technologies Corporation, North Wales, PA model WS-400B-6NPP/LITE). The
photoresist is poured directly from the bottle to the substrate right above the substrate
axis of rotation. As the photoresist flows onto the substrate it first takes the shape of a
cone but later becomes an expanded, or coin-shaped, cylinder. Upon rotation at |low speed

(500 — 1000 rpm) this cylinder gradually expands side-ways until the centrifugal force
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that causes the photoresist to flow towards the edges is in equilibrium with the surface
energy of the substrate. Depending on the substrate size, the photoresist may not coat the
complete substrate during this spreading step. The rotation speed is then increased
(usually to a speed between 1000 and 4000 rpm) to completely coat the substrate, if it
hasn't been already, and thin down the photoresist layer to a desired thickness. Speed,
acceleration and time of rotation together with the size of the substrate play an important
role on the definition of the layer thickness. The influence of the substrate size is first
addressed. Other than the speed of rotation the centrifugal force acting on a photoresist
fluid element depends on the distance of that element to the spin axis. Large distance
trandates to a strong force. The use of small substrates over bigger ones leads to a
centrifugal force that is less effective on thinning down the photoresist layer given al
other parameters are the same (compare Posts 5 and 6 in Table 2.3b where a reduction on
substrate size yields an increase of 30 um in thickness). The layer thickness can also
increase due to back-flow of the photoresist that got accumulated at the edge of the
substrate during spin coating. This edge bead can be eliminated by rotating at even higher
speeds than the layer thinning step or by rinsing the edges of the substrate with a SU-8
dissolver (MicroChem’s Edge Bead Removal, SU-8 developer or acetone). If no action is
taken to eliminate the edge bead, as in the case of this work, the photoresist will likely
flow back towards the substrate center during soft-bake in an attempt to minimize its
surface area. This effect is more pronounced when coating thick layers (> 50 um) since
the photoresist composition is usually more viscous than those used to coat thin layers.
High viscosity and the use of small substrates promote the formation of thicker edge

beads and thus there is more resist that flows back during baking, when the viscosity
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decreases. Given a substrate size, the layer thickness is inversely proportional to spin
speed. Low spin speeds yield thinner layers than high spin speeds. For example, a
decrease of 800 rpm in the rotation speed yields an increase of 160 um in the layer
thickness (compare Posts 6 and 7 in Table 2.3b). Variations on the time of rotation may
be used to fine tune the thickness of the layer or to improve layer uniformity. Long

rotation times trandlate to thinner and more uniform layers.

Soft bake

After spin coating, the photoresist must be soft-baked (also known as pre-baking or pre-
exposure baking) to evaporate the casting solvent. The rate of solvent loss is determined
by the solvent diffusion coefficient. This number increases with temperature and has been
suggested to decrease exponentialy with the amount of solvent present in the polymer-
solvent system %*'%. Experimental data suggest that the bulk of solvent contained in the
photoresist evaporates within the first five minutes of the bake **. Since the amount of
solvent in the resist exponentially decreases with baking time, the solvent evaporation
rate also reduces exponentially as soft bake time increases. All samplesin this work were
baked on a leveled hotplate (Dataplate®) set at 95 °C for different times. Hot plating the
resist is faster, more controllable, and does not trap solvent like convection oven baking
does. In convection ovens the solvent at the top surface of the resist is evaporated first,
and this can cause an impermeable resist skin, trapping the remaining solvent inside.
Baking times range from 5 to 180 minutes depending on the layer thickness and the type
of SU-8 used. The baking times used in this work are an approximate 20% longer than
those suggested in the MicroChem SU-8 processing datasheet. They are used to

guarantee the compl ete evaporation of the casting solvent and to prevent line broadening
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during exposure caused by traces of solvent in the matrix. The casting solvent in the
original SU-8 is gamma-butyrolactone while the solvent in the SU-8 2000 series is
cyclopentanone. Since the latter is a more volatile compound the soft-baking times of a
given layer thickness can be shortened. However, the difference in the evaporation rates
tends to disappear as the thickness of the layer increases *°. In general, thick resists may
benefit from alonger bake time to completely remove the solvent. Table 2.3b resumes the
soft bake times used in this work depending on the layer thickness and type of SU-8

photoresist.

Exposure and Post Exposure Bake (PEB)

After soft baking, the coated substrate is transferred to an illumination or exposure
system where it is aligned to the features on a photo mask. The photo masks used in this
work were Mylar® films printed using a high resolution plotter. The masks were acquired
from CAD/Art Services Inc. (Bandon, OR). A Karl SUSS MicroTec MA/BA6 Mask
Aligner in soft contact mode” and equipped with a broadband mercury lamp is used for
exposure. The intensity of the light created by the lamp is fixed at 10 mW-cm™. Exposure
time is used here to control the energy dose, D, used to create a strong acid that initiates
cross-linking in the SU-8 layer (the dose, in J-cm™, is the product of incident light
intensity, in W-cm™, and exposure time, in seconds). SU-8 photoresists feature a high
absorption of energy of wavelengths that are less than 350 nm. One of the main reasons

for thisisthat triarylsulfonium hexafluoroantimonate salt, used as photo acid generator in

® Contact mode can be classified as soft contact and hard contact depending on the amount
of contact pressure between the resist and the mask, with higher pressures being applied in
hard contact mode. Exposure in a contact setup results in a 1:1 image of the entire mask
onto the photoresist
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the SU-8 photoresist formulations used here, has absorption bands at 231.5 nm, 268.5 nm
and 276 nm, as measured in methanol solution (Crivello et a. 1979). When SU-8 is
exposed using a broadband mercury lamp, UV light shorter than 350 nm is strongly
absorbed at the photoresist top surface. This causes the creation of more acid that diffuses
sideways and polymerizes a thin layer aong the top surface of the resist film that can
establish mechanical contact between neighboring structures. This effect is commonly
known as T-topping and selective filtration of the light from the light sourceisrequired to
eliminate it. Mechanical contact between SU-8 posts translates to electrical contact
between carbon electrodes which prevents the creation of the electric field gradient
required in DEP applications. Although commercial bandpass filters for 365 nm
wavelengths are commercialy available, for example the Hoya UV-34 filter used by Lee
et a ™ or those sold by Asahi Spectra and Omega Optica Labs, two filters were
fabricated in-house following the work by Reznikova et a '*. Glass plates (2" or 5
square) were first cleaned by immersion in piranha solution (3 parts H,SO, per one part
of H,Oy). The glass substrates were then rinsed with water, acetone and IPA, blown dry
and dehydrated in an oven set at 120 °C. The fabrication procedure for each of the filters
is detailed in Table 2.3aand b as Filter 1 and 2. The amount of transmitted light of 365
nm wavelength for each of the filters was measured using an UV-meter. Filter 1 features
a transmission coefficient of .342 while Filter 2 has a coefficient equa to .15. A
coefficient of 1 means perfect transmission. The filters were introduced in the optical
pathway between the light source and the mask positioned above the SU-8 layer to be

patterned. Filters were only used when fabricating SU-8 posts. Equation 2.6 must be used
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to account for the light attenuation factor and deliver a proper radiation dose to the

photoresist.

. Recommended dose
Experimental dose = — (2.6)
Transmission percentage

The recommended dose is that suggested in the SU-8 processing datasheets, while the
experimental dose is the one implemented in practice. Underexposure of the photoresist
causes the intended pattern to dissolve or to lift off during developing because the cross-
linking acid concentration was not enough to start polymerizing the resist al the way
down to the underlying substrate. Overexposure leads to extreme T-topping and pattern
broadening.

In the case of a chemically amplified resist, such as SU-8, the post-exposure bake (PEB)
is critical to complete the crosslinking of the polymer matrix. Thermal energy
complements the radiation energy delivered during exposure to finalize cross-linking.
The amounts of radiation and thermal energy can be optimized depending on the pattern
being fabricated. Large-area patterns that are far apart benefit from increased radiation
but reduced thermal energy. In contrast, small-area features with small gaps in between
them benefit from high thermal but low radiation energy. High radiation doses are likely
to create T-topping on the structures. High thermal energies can create a significant
amount of stress in the structure that can cause them to bend and detach from the
substrate. More than time, PEB temperature is of crucial importance; longer times at
lower temperatures are recommended. High PEB temperatures have been shown to
induce a high amount of internal stress in the structure when using traditional substrates
such as silicon and glass. The reason behind this is the significant difference between the
coefficients of thermal expansion (CTE) of SU-8 and the substrate. Thermal stresses
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increase with resist thickness and can cause cracking of the pattern’s surface, structure
bending or complete peeling from the substrate in the worst cases. These defects are most
likely to be present in extended, large surface area features and those with sharp angles
but can be minimized by optimizing the time and temperature of the bake. On the other
hand, insufficient PEB times and/or temperatures which are too low yield structures that
are not completely cross-linked and can be attacked by the developer. This causes
extremely high surface roughness or even complete dissolution of the photoresist.
MicroChem’s processing datasheets recommend post-exposure bake to be carried out at
95 °C but temperatures between 55 and 75 °C and extended baking times have been
suggested to minimize internal stresses in the pattern. Temperatures below 55 °C do not
polymerize the matrix completely regardiess of the bake time '*. Rapid heating and
cooling of the resist should be avoided as swift temperature changes induce a significant
amount of stress.

Table 2.3b shows the exposure dose and post-exposure bake parameters used for the
patterning of different layer thickness. Layers which are thinner than 100 um can be
easily fabricated following the parameters recommended in MicroChem’s datasheet.
Variations of up to 20% in the values recommended there do not significantly change the
quality of the pattern. As the layer thickness is increased above 100 um and the gap
between the patterns decrease, more significant variations on the exposure dose must be
introduced to prevent T-topping. The post-exposure bake must then be adjusted
accordingly. For example, a dose between 320 and 550 mJ-cm™ and PEB times of 10
minutes at 95 °C are recommended in the datasheet for layer thickness of 100 um. In this

work a combination of net exposure dose (given by the product of the exposure time,
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light intensity and transmission coefficient of the filter used) of 78 mJ-cm® and a 15

minute PEB bake is used to fabricate asimilar layer (Posts 3in Table 2.3).

Development, Drying and Hard bake

Development is the dissolution of un-polymerized SU-8 that transforms the latent resist
image, formed during exposure, into a relief topography. In genera, two main
technologies are available for resist development: wet devel opment and dry development.
The latter is starting to replace wet development for some of the ultimate line-width
resolution applications but wet development is still widdy used in a variety of
applications, including SU-8 photolithography. The development of SU-8 patterns
exploits the variation in molecular weight of the cross-linked polymer. During the
development of SU-8, those areas that were not cross-linked dissolve upon immersion in
Propylene Glycol Methyl Ether Acetate, or PGMEA (sold by MicroChem as SU-8
developer). Constant agitation during development is recommended to constantly feed
fresh devel oper to the resist pattern and decrease devel oping times but care must be taken
when devel oping high aspect ratio structures, as excessive agitation can cause mechanical
breakage. Agitation can be conducted manually, as in this work, or with a rotator. An
aternative to mechanical agitation is the use of a sonicator bath. The use of megasonic
frequencies instead of ultrasonic ones proves beneficial in the development of high aspect
ratio structures. An important distinction between the two sonication methods is that the
higher megasonic frequencies (800 — 2000 kHz) do not cause the violent cavitation
effects found with ultrasonic frequencies (15-400 kHz). This significantly reduces or
eliminates cavitation erosion that can lead to pattern fracture and structure debonding

from the substrate®.
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The development step implemented in this work was done using a glass or propylene
beaker in case of immersion and a normal rinse bottle in the case of rinsing. Table 2.3b
shows the type of development done for different layers. Thin layers (<5 um) benefit
from rinsing developer on the substrate instead of immersing them in it. The use of a
developer bath may lead to detachment of the cross-linked thin layer from the substrate.
Layers with a thickness in the range from 5 to 20 um were developed by immersion and
using a constant, vigorous manual agitation. Thicker layers patterned as posts were
developed by immersion in PGMEA for different times. The bath was sporadically
agitated by slowly and manually rotating the beaker one or two revolutions.

Post stiction may be obtained during the drying of dense arrays of high aspect ratio posts.
Stiction forces developed in narrow gaps are strong enough to bend and join SU-8
patterns together during drying as shown in Fig. 2.3. The replacement of PGMEA by a
liquid with lower surface tension is recommended for the prevention of structure collapse
during the resist drying process. In thiswork the SU-8 pattern resulting after devel opment
is rinsed with IPA using a rinse bottle. The pattern is then blown-dried using a nitrogen
gun. This approach led to posts with aspect ratio up to 3 and gaps in between them down
to 20 um. If higher aspect ratios are desired aternative drying methods must be
implemented. The use of liquids with lower surface tension than IPA such as
perfluorohexane rinse has been suggested ** as well as freeze-drying ** and supercritical
drying 2% In a supercritical liquid, the surface tension becomes negligible and the
capillary force that causes pattern stiction is nonexistent. A commercial supercritical
drying system (Tousimis Samdri® www.tousimis.com) is used in this work to achieve

posts with aspect ratio up to 9:1 when the gap in between them is 40 um. The substrate
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containing the pattern is first transferred from the developer bath to a beaker containing
IPA. The substrate is then transferred from IPA to the machine chamber which was
previously filled with high purity (>99%) IPA (Sigma Aldrich). After sealing the
chamber the machine starts an automatic process that replaces the IPA with carbon
dioxide and brings it to its supercritical point. The bulk of the work presented here did
not include the use of critical point drying. The height of the posts obtained by just
replacing PGMEA by IPA and then blowing the samples dry was sufficient for this work.
Acetone may be used for a final cleaning of the structure. An acetone rinse is more
efficient than PGMEA and IPA on rinsing SU-8 residues. However, such rinse must be
quick since prolonged contact of the cross-linked SU-8 with acetone at this point may
cause pattern swelling and degradation. The cause for this acetone attack is that after
development and before hard bake the SU-8 matrix still contains residual solvent that
provide entry points for acetone to attack. After hard bake and once all residual solvent
has been released, SU-8 is immune to acetone attack. This cleaning step using acetone
was not implemented when using critical point drying.

All samples were hard baked for 10-15 minutes at 95 °C using a hot plate to evaporate all

residual solvent, improve adhesion to the substrate and anneal the polymer matrix.
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2.1.3 Pyrolysis and de-scumming

Pyrolysis of SU-8 structures was conducted on a Thermco Mini-Brute MB-71 diffusion
furnace featuring a quartz tube. Nitrogen (Praxair) gas was flowed at 2000 sccm
(standard cubic centimeters per minute). Details on the pyrolysis process are given in
chapter 1. All pyrolysis processes used in this work featured a final temperature of 900
°C. Samples were brought to this temperature using either a one- or two-step heating
ramp. A one-step ramp featured a rate of 10 °C/min to heat the samples directly from 25
to 900 °C. A two-step ramp was used to first heat the sample from 25 to 300°C at 25
°C/min and then from 300 to 900 °C at 10 °C/min. A dwell time of 30 minutes was used
at 300 °C following previous studies suggesting that SU-8 may liberate oxygen during
heating . The dwell allows for enough time for the oxygen to be evacuated from the
furnace before ramping it up to 900 °C and prevents SU-8 from burning. However, the
results obtained with both pyrolysis protocols do not show a significant difference and
the shorter protocol was adopted to reduce the processing time. Furnace was held at 900
°C for 1 hour when using either protocol to complete pyrolysis. The furnace was then
turned off and allowed to cool down naturally. The furnace reaches a temperature of 200
°C after 5-6 hours and a room temperature after 8 hours. Samples may be taken out once
the furnace temperature is below 200 °C. Examples of carbon electrodes and their
connecting leads are shown in Fig. 2.11. Different electrode heights were obtained
depending on the height of the precursor posts as detailed in Table 2.4. The SU-8
precursor structures shrink during pyrolysis as it can be observed by comparing the
resultant carbon structures and the footprint left by the original polymer structures

(dashed circles and lines in the figure). The carbon posts with highest aspect ratio
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fabricated in thiswork (7.9:1) are shown in Fig. 2.12a. These carbon structures, and those
in Fig. 2.12b with aspect ratio 4.2:1, resulted from the pyrolysis of the SU-8 structures
obtained using critical point drying as detailed above. Such structures were not used for
DEP experiments since their fabrication in arrays featuring gaps less than 40 um in
between individual posts proved to be challenging. The highest aspect ratio carbon posts
used as electrodes for DEP experiments were those obtained after the pyrolysis of SU-8
structures fabricated following the procedure of Posts 5 in Table 2.3. These carbon
electrodes featured an aspect ratio of 2.7:1 given their 26 pm-diameter and 73 um-height
in Table 2.4. In this case, gaps down to 20 um were achieved without the need for critical

point drying.
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Table 2.4 resumes the dimensions of all SU-8 posts and the resulting carbon structures
fabricated in this work. The measurements were obtained using a Hitachi S-4700-2
FESEM. The table also shows the height reduction of the planar SU-8 interdigitated
fingers and connection pads. The height of the SU-8 and carbon layers was measured
using a Dektak3 surface profiler. The fabrication process of all SU-8 posts leading to the
carbon posts detailed in Table 2.4 can be found in Table 2.3 by correlating the 1D tags
(first column) of both tables.

The amount of shrinkage depends on the dimensions of the precursor. Shrinkage up to
86% is present when pyrolyzing structures as thin as 1.3 pm. Shrinkage decreases as the
dimensions of the precursor increase. SU-8 structures with height greater than 333 um
feature a shrinkage of just 38%. Figure 2.13 illustrate this trend. The shrinkage
percentage depending on the height of the SU-8 structure is plotted as a dashed line fitted
to experimental points (circles). The solid line represents the height of the carbon
structures depending on the height of the SU-8 precursor. The line is fitted to

experimental points (triangles).
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Table 2.4 Dimensions of all SU-8 and carbon posts fabricated in this work

caroon
tag ARgus Remarks

| nlo Rl n ] o aR] ] o

PLANAR INTERDIGITATED FINGERS THAT WILL BECOME ELECTRICAL LEADS

Leads1 | 8.95 - - 1.38 - - 0.84 - -
Leads2 | 9.67 > = 1.49 = = 0.84 = =
Leads3 | 11.2 - - 1.51 - - 0.86 - -
Leads4 | 16.67 | - - 2.38 - - 0.85 - -
Leads5 | 19.1 - - 2.55 - - 0.86 - -

POSTS THAT WILL BECOME ELECTRODES
Posts1 | 2252 | 50 | 045 | 56 | 225 | 024 | 075 | 054 | 054 | usedfor DEP
98 | 20 | 49 |50911| 125 | 407 | 048 | 037 | 083
98 | 25 | 392 | 5656 | 17 [332| 042 | 032 | 084
98 | 50 | 1.96 | 4864 | 33 | 147 | 050 | 034 | 075
98 | 100 | 0.98 | 5359 | 62 | 086 | 045 | 038 | 088
Posts3 | 100 | 50 | 2 | 4019 | 215 | 1.86| 059 | 057 | 093 | usedfor DEP
Posts4 | 130 | 50 | 25 | 60 25 | 24 | 053 | 05 | o092 | usedforDEP
Posts5 | 144 | 50 | 278 | 73 26 | 270 | 049 | 048 | o097 | usedfor DEP
Posts6 | 173 | 50 | 3.46 | 86.16 | 34.5 | 2.49 | 050 | 0.31 | 0.72
173 | 100 | 1.73 | 8459 | 67.1 | 1.26 | 051 | 032 | 0.72
Pogs7 | 333 | 50 | 666 | 2063 | 325 [ 6.34 | 033 | 0.35 | 095
333 | 100 | 333 | 21023 | 64 |328| 036 | 036 | 098
444 | 50 | 888 | 27315 345 | 791 | 038 | 031 | 0.89 highest AR

Posts 2

Posts 8

444 | 100 | 4.44 | 273.93 | 64.73 | 423 | 0.38 | 0.35 0.95

Notes: h denotes height, @ diameter and AR aspect ratio. Shrinkage = 1 — (carbon dimension / SU-8
dimension)
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Fig. 2.13 Experimental results depicting the rate of change on shrinkage (left axis) and carbon
height (right axis) as the height of the precursor SU-8 structure varies

The shrinkage obtained at all dimensions is dightly less than isometric. Fig. 2.14 shows
the comparison between the aspect ratios of the SU-8 and carbon structures. The
diamonds in the graph represent experimental points (column ARcabon/ARsu-g in Table
2.4). The straight lines denote different degrees of shrinkage symmetry. The shrinkage is
isometric, 100% symmetric, when the height and diameter of the post shrink in the same
proportion (solid line). Shrinkage percentages higher than 100 trandlate to a bigger
shrinkage in diameter than in height while percentages lower than 100 denote the
contrary (bigger shrinkage in height than in diameter). The dotted and dashed lines
represent shrinkage symmetry percentages of 90 and 80 respectively. The dotted line
(90% shrinkage symmetry) is well centered among the experimental data points which

supports the fact that post shrinkage is dlightly less in diameter than in height. This result
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is suspected to be due to the adhesion force that competes with the shrinkage force at the
interface between the substrate and the SU-8 pattern and prevents further shrinkage of the

post diameter. Free-standing SU-8 structures are expected to shrink isometrically.
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Fig. 2.14 Comparison between the aspect ratio of the carbon structures and their precursor SU-8
posts

The competition between adhesion and shrinkage forces is also responsible for the
characteristic curved wall profile at the base of the carbon posts (Figs. 2.11 and 2.12). If
the shrinkage force generated during the pyrolysis of a given precursor structure is
stronger than the adhesion force, the pattern will detach from the substrate. The trend was
first demonstrated by Turon-Teixidor and resumed in Fig. 2.15 under his permission. A
SU-8 layer of thickness equal to 25, 35 and 45 um (Fig. 2.15 a, b and c respectively) was
patterned as discs or cylinders of different diameters on a silicon dioxide substrate and

pyrolyzed following a similar protocol as the one described above. The cut-off diameter
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to prevent detachment of the carbon structures depends on the initial SU-8 thickness. The
patterning of a 25 um-thick SU-8 layer alows for the fabrication of discs as wide as 1450
um (possibly wider but results are not available) as shown in Fig. 2.15a. Increasing the
thickness to 35 um limits the cut-off diameter to 400 um (Fig. 2.15b). A further increase
of thickness to 45 um makes the cut-off diameter decrease to 100 um (Fig. 2.15c).
Therefore the diameter of the pattern isinversely proportional to the layer thickness. SU-
8 posts as tall as 444 um and featuring a 100 pum-diameter were successfully pyrolyzed as
demonstrated above and suggest that tall posts benefit from the use of diameters equal or
less than 100 um. Based on the practical experience of this author patterns that require
surface areas larger than 5 millimeters square (such as the connection pads described
above) benefit from the use of layers thinner than 20 um. The possibility of detachment
greatly increases if the precursor layer thickness is above this value.

The carbon electrodes must be treated with oxygen plasma for de-scumming after
pyrolysis. This treatment eliminates any electrical connections between them. These
imperceptible connections are likely due to the carbonization of SU-8 residues left during
development. Oxygen plasma generated at a pressure of 200 mTorr and power 250 W is
used for 1 min to eliminate them. If no connections are present, the resistance value
between electrodes must be in the order of tens of MQ. Thicker connections than those
made by carbon derived from SU-8 residues require the use of other measurements to
eliminate them, such as mechanica breakage using a point probe. The use of longer or
more powerful plasma treatments is not recommended since the electrical conductivity of

the thin (~1.5 um) connection pads may be severely compromised due to significant
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thickness reduction. Carbon resulting from T-topping between SU-8 structures must be

broken by mechanical means instead of using oxygen plasma.

300 pm

350 um
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Fig. 2 15The carbon structures can detach from the substrate during pyrolysis. Detachment depends
on the thickness of the precursor SU-8 layer. a) A layer thickness of 25 pm allows for discs up to
1450 um. b) The cut-off diameter decreases to 400 um as the layer thickness increases to 35 um. ¢)
The use of 45 pm-thick layers does not allow for cylinders wider than 100 pm.



2.1.4 Electrical characterization of carbon e ectrodes

The electrical conductivity of glass-like carbon after de-scumming was determined using
a four point probe setup illustrated in Fig. 2.16. The two outer probes establish an
electrical circuit for the DC current generated by the current source (Keithley Instruments
225) to flow through the sample. The DC current is constant throughout the experiment
and is measured using an amperometer A (Fluke 8060A True RMS Multimeter). The
inner probes are connected to a voltmeter V (Fluke 87 V True RMS Multimeter) used to
measure the voltage drop between them. The distance between probes is approximately
200 pm. The probes, mounted on micromanipulators, are positioned manually with the
aid of a microscope. The resistance of all connecting cables was measured to be

negligible (< 1 Q).

current
source

A -

Fig. 2.16 A four point probe station
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In the case of a semi-infinite thin sheet of material (thickness << surface area) the

resistivity of the material can be calculated as

TtV
IIn2

p = thickness * Rs = (2.7)

wheret equals thickness, V voltage and | current. The sheet resistance Rsis given by
Rs = — (2.8)

where k equals ©/In2 in the case of semi-infinite thin sheets. Multiple current and voltage
measurements were conducted on carbon films of different thickness as detailed in Table
2.5. The thin carbon films were fabricated on silicon/silicon oxide substrates following
the pyrolysis of a SU-8 film fabricated using the protocol Leads 2 in Table 2.3 and using
flood exposure. The thick carbon films resulted from the pyrolysis of free-standing SU-8
films fabricated following the methodology detailed previous work of this same author
12 Briefly, an SU-8 layer is deposited on polyester films and photo-patterned; the
resultant SU-8 patterns are then peeled off from the polyester substrate and pyrolyzed.
The thick carbon films were positioned on top of a glass substrate prior to resistance
measurements. The sheet resistance is dependent on sheet thickness and thinner sheets
have higher resistance than thicker ones. The resistivity of the carbon is independent from
sheet thickness and the average value obtained in this work (0.982164 X 10 Q-m) agrees
with that obtained previously (1.04 X 10 Q-m) %2, The resistivity of glass-like carbon is
compared to that of different materials in Table 2.6. Carbon is four orders of magnitude

moreresistive than silver.
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Table 2.5 Resistivity characterization of glass-like carbon obtained in this work

M easurement Current | Voltage V Sheet Resistance Rs (Q-0) Res st|V|ty p
(nA) (mV) X 10 *(Q'm)

sheet thickness= 1.5 ym
1 456.5 59.57152 0.893573
2 456.5 6.3 62.5501 0.938251
3 456.5 5.7 56.59295 0.848894
4 456.5 6.7 66.52153 0.997823
5 456.5 6.5 64.53582 0.968037
6 456.5 6.5 64.53582 0.968037
7 456.5 6.1 60.56438 0.908466
8 456.5 5.8 57.58581 0.863787

sheet thickness = 170 pm
1 11560 1.83 0.717499 1.21975
2 11560 1.79 0.701816 1.19309
3 11560 1.58 0.61948 1.05312
4 11560 14 0.548907 0.933141

Table 2.6 Resistivity of different materials compared to glass-like carbon

Silver 1.59 X 10°®
Copper 1.72 X 10°
Platinum 1.06 X 107
Graphite ~1X 10°
Glass-like carbon from SU-8 pyrolyzed @ 900 °C 0.982164 X 10"
Glass 10"

The resistivity value obtained above is used next to estimate the resistance of the
connection pads, the electrical connecting leads from the pad to the base of the electrodes
and the electrodes used in carbon-DEP devices. The ohmic resistance R of a conductor is

calculated as
R = IDZ (2.9

where p is the resistivity of the material and | and A are the length and cross-sectional
area of the conductor respectively. The cross-sectiona area of the connection pads and
leads was assumed to be rectangular. The dimensions are 1.5 um-thickness and 20 mm-
width for connection pads and 1.5 um-thickness by 25 um-width for connecting leads.

The cross-sectional area of the electrodes is that of a circle with diameter equal to 25 um.
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Equation 2.9 was used to calculate the resistance of the different structures used in this
work: connection pads, connection leads and electrodes. A resistance change of 78 Q
over adistance of 24 mm was obtained for the connecting pads and thus the voltage drop
across the pad can be considered negligible. The voltage drop on the electrodes is also
negligible since the resistance of a 70 um-tall electrode is merely 14 Q (the resistance is
only 48 Q for a 240 um-tall post electrode). However, the resistance of the connecting
leads increases significantly over its length asillustrated in Fig. 2.17. The electrode posts
are positioned along the length of a given connecting lead and spaced 143.2654 um apart.
Therefore, the closest an electrode is to the connection pad the less ohmic resistance is
subjected to. For example, the resistance difference between a post positioned at a length
of 100 um on the connecting lead and one positioned at 243.2654 pm is 375 Q assuming
alead cross-section area of 1.5 X 25 um. The maximum length of the connecting leads
used in this work averages 950 um. A maximum resistance close to 2.4 kQ is obtained at
this length. The ohmic loss a the connection leads can be reduced by increasing their
cross-section area. For example, Fig. 2.17 compares the resistance variation across the
length of a 1.5 um-thick lead, as the ones used in this work, and a 5 um-thick one. The
use of 5 um-thick leads decreases the resistance in 70%. However, the cross-section area
of the leads must be balanced to prevent their detachment from the substrate as detailed
in the Shrinkage section. Wide structures benefit from the use of low thicknesses. The
fabrication of connecting leads out of metal instead of carbon proves beneficia to

minimize the ohmic losses on the lead. More details are discussed in section 2.5.2.
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Fig. 2.17 Resistance vs. length of leads with rectangular cross-sectional area given by either
1.5 or 5 um-thickness and 25 um-width

2.1.5 SU-8 cover layer

After de-scumming, the substrate containing the different carbon elements (pads, leads
and electrodes) was rinsed with IPA and blown dry. A SU-8 layer is then patterned
around the carbon electrodes as shown in Fig. 2.18 following the fabrication process of

either Insulation 1, 2 and 3in Table 2.3.
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Fig. 2.18 A thin SU-8 layer patterned around the electrodes

This layer has important implications. First, the SU-8 layer secures the thin connecting
leads to the substrate and protects the carbon-substrate interface from attack of different
solutions to be flowed through the carbon-DEP device including IPA, sodium dodecyl
sulfate (SDS) and NaOH. Lead detachment during experiments was observed if a cover
layer was not fabricated over the leads. Second, the thin layer planarizes the bottom of
the fluidic channel and eliminates crevices that may otherwise act as physical traps for
cells and other particles contained in the sample. A flat surface also allows for the
eventual adherence of off-substrate microfluidics to this SU-8 layer (details in the next
section). Lastly, the SU-8 cover layer acts as electrical insulator for the connecting |eads
and reduces the ohmic loss in them. The connection lead makes contact with the sample,
when is not covered. Although covering the leads diminishes the electric field, and the
trapping volume, created in the sample, the trapping volume created by the leads is
insignificant to that created by the posts. The voltage along an SU-8 covered and not
covered connection lead is plotted in Fig. 2.19 for different sample conductivities. These
results were obtained using finite element analysis running on software (COMSOL
Multi-physics). More details on the specifics of the simulation are given in chapter 3,
section 3.1. The voltage applied at the connection pad is 5 V. The voltage decreases
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proportional to the length of the lead at al sample conductivities but the loss is always
less when the cover layer is used than when it is not. The difference on voltage loss
between the two cases becomes more significant as the length of the lead and the
conductivity of the sample are increased. At sample conductivities of 10 uS-cm™ the use
of the cover layer only yields a maximal improvement of 0.0062 V (~ 0.1%) in the
voltage loss but this value increases to 0.2987 V when the sample conductivity is 1000
uS-cm™. The use of the SU-8 layer in this last case reduces the voltage drop in the lead
by 7%. The voltage drop is only reduced a maximum of 0.8% at sample conductivities of
100 puS-cm™. Therefore the impact of the cover layer on the reduction of the voltage loss

in the connecting leads becomes significant at sample conductivities values higher than

-1
100 uS:cm™.
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Fig. 2.19 The voltage along a connection lead (covered or not covered by the SU-8 layer) at
different sample conductivities
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After patterning the cover layer, the 4" wafer holding the carbon electrode arrays may be
cleaved along its crystalline planes into identical piecesif off-substrate microfluidics will
be used. The wafers used in this work feature a crystal orientation of <100> and thus can
be cleaved into four identical pieces. This alows better manageability during the
interface of off-substrate microfluidics to individual electrode arrays. The wafer is

maintained in one-piece if on-substrate microfluidics will be fabricated.

2.2 Fluidic network

The fluidic networks used in this work are classified as on-substrate where the network
was fabricated around the electrodes or as off-substrate where the network was positioned
around the carbon electrodes but fabricated in a process independent to the substrate
containing the electrodes. The details of al fluidic networks used in this work are

resumed in Table 2.6.

2.2.1 On-substrate

A SU-8 layer was patterned as a channel around the carbon electrodes following the
process detailed in the rows Channel 1 and 2 in Table 2.3. Channel 1 was used to pattern
a 50 um-high channel around a single quadrapolar DEP trap using 4 planar electrodes
(more details on specific designs under Results) as shown in Fig. 2.20a. The Channel 2
fabrication process was used to contain electrode arrays of different heights in different
66 um-high SU-8 channels as illustrated in Fig. 2.20b. The use of photolithography to
pattern the channel allows for automatic alignment of the channel walls to any part of the
electrode array. For example, Fig. 2.20 shows how the channel wall exactly covers half of

the posts on the outer edge of the array. This prevents the cells in the channel from
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flowing through volumes where there is no DEP force as it may be the case with off-
substrate microfluidics (details below). Furthermore, the optimization of spin coating
enables tailoring the height of the channel to the height of the posts. Since the
microfluidics can be exactly tailored to the dimensions of the electrode array, the trapping
efficiency may be higher when using this type of microfluidics. The SU-8 channels
presented above were closed with a glass piece using SU-8 as adhesive. The glass piece
was previoudly drilled with two holes which became the fluid inlet and outlet. Drilling
was done using a DREMEL® tool and a diamond drill bit (The Gordon Glass Company,
US). Water was used as coolant during drilling.

After drilling, the piece of glass was first cleaned using piranha and then coated with a
~1.5 um-thick layer of SU-8 using the spin parameters of Insulation 2 in Table 2.3a. The
layer was soft baked for 1.5 min on a hotplate at 95 °C. Both the SU-8-coated glass and
the substrate containing the SU-8 channel are then heated to 125 °C at which temperature
the two are brought together. Mechanical pressure was applied manually to facilitate the
bonding. The arrangement was then flood-exposed using an exposure dose of 180 mJ-cm’
2. The bonding obtained using this procedure was not uniform and cavities on the
interface between the glass and the SU-8 channel alowed for the cells to flow through
them instead that through the carbon electrode array. The heating of the obtained devices
above room temperature is not recommended since miniature fractures introduced in the

glass during drilling may expand and crack the glass open.
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Table 2.7 Resume of the different techniques used to fabricate the microfluidics
around the carbon electrodes

= The microfluidic network is
automatically aligned to the electrode
array during SU-8 photolithography

=  Fuid network can be easily fitted to

On- the dimensions of the electrode array

SU-8 substrate SU-8 Glass SU-8 to prevent cells from flowing through
volumes that are not under a DEP
force

= Bonding is not uniform and not
repeatable

= Photolithography is still used to
fabricate the master mold for PDMS
casting which increases process cost
and time

= The channel is manually aligned to
the electrode array which may
introduce wide spacing between the

Off- Mechanical electrode array and the channel wall

PDMS substrate PDMS N/A pressure | = The interfface PDMS-SU-8 contains
stationary liquids but leaks upon
liquid flow

=  Oxygen plasma was not attempted for
bonding

= PDMS channel can be removed and
re-positioned several times

= Recommended for rapid prototyping
and basic proof of different
microfluidic designs

= Network is perfectly sealed. No leaks
are present up to 6 ml-min-* flows

= SU-8 photolithography is not needed

= Fabrication time and costs are greatly

Off- reduced

Adhesive | substrate | Adhesive | PC N/A = The channel is manually aigned to
the electrode array which may
introduce wide spacing between the
electrode array and the channel wall

= Acetone and NaOH may not be used
for cleaning
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2.2.2 Off-substrate

Soft lithography was used to obtain PDMS (polydimethylsiloxane) channels. A master
mold was fabricated by patterning a SU-8 layer on top of a silicon oxide wafer following
the recipe of Channel 2 in Table 2.3. PDMS was then casted on the mold and cured at 95
°C on a hotplate for 10 min, after which the PDMS channel was manually peeled off the
mold. The fluid inlets and outlets were created by poking through the PDMS piece using
asyringe. The fact that SU-8 photolithography was still used to fabricate the master mold
increases the cost and processing time of this kind of microfluidics compared to the SU-8
on-substrate approach detailed above.

The PDMS channel was manually positioned around the electrodes with the aid of a
magnification lens. Obviously, the PDMS channel must be wider than the width of the
electrode array. Manual positioning of the channel yields large margins of error and wide
spaces may exist between the outer edges of the array and the channel walls as shown in
Fig. 2.21. Cells may flow through these spaces without being influenced by the DEP
force and cause a decrease on the trapping efficiency of carbon-DEP devices. Another
downside of the use of PDMS microfluidics is the weak adherence of PDMS to SU-8.
This adhesion is enough to contain stationary liquids but is not enough to prevent leaks
through the interface once a flow is established in the channel. The use of mechanical
clips was required to apply pressure on the PDMS-SU-8 interface and eliminate leaks.
However the use of flow rates above 100 pl-min™ in a channel 575 pm-wide and 66 pm-
high still led to leaks in the system regardless of the use of mechanical clips. On the
positive side, the capability to remove and re-position the PDM S channel allows for more

efficient cleaning of the electrode array. Furthermore, severa different microfluidic
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designs may be interfaced to the same electrode array. The PDM S approach was found to
be better suited for rapid and relatively inexpensive prototyping and basic proof of
different designs. The use of oxygen plasma for bonding was not attempted due to the
availability of a better technique to fabricate the microfluidics for carbon-DEP devices

which is detailed next.

a) Channel 1

b) Channel 2

1 1 1 1 1 1 1 1 1 1 1
Madou 5.0kV 12.0mm x250 SE(M) 5/6/07 14:35 200um

Madou 5.0kV 12.0mm x110 SE(M) 5/6/07 1 " gooum | | Madou 5.0k 12.0mm x850 SE(M) 5/6/07 14:46 100um
Fig. 2.20 Planar and volumetric electrodes contained in a SU-8 channel
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Fig. 2.21 A PDMS channel (straight lines) positioned around an array of carbon electrodes

A third technique to fabricate the microfluidic network is detailed next. The network was
fabricated from polycarbonate (PC) and double-sided pressure-sensitive adhesive
(FLEXmount DFM 200 Clear V-95 150 POLY H-9 V-95 4 FLEXcon, MA, USA). In the
most basic process, the channels and chambers of the network are cut out from a 100 um
thick adhesive using a cutter plotter machine (Graphtec, Japan-Graphtec CE-2000) while
the fluid inlets and outlets are drilled on a piece of polycarbonate using a computer-
controlled milling machine (Quick Circuit Series, T-Tech, Norcross, GA). The adhesive
and the polycarbonate piece are then aligned (using a two-point alignment device
fabricated in-house) and adhered together using a rolling press/laminator (Model
Sidewinder, Desert Laminators, Palm Springs, CA). The thickness of the polycarbonate
layer and the adhesive may vary depending on commercial availability and this fact must

be taken into account in the design process. Channels and chambers may also be milled
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on the polycarbonate layer. Therefore, complex fluidic networks can be fabricated by
stacking severa layers of patterned adhesive and polycarbonate (PC) layers. The
microfluidics presented here featured either 2 or 4 layers. All adhesive layers used here
featured a thickness of 100 um. The 2-layer design featured an adhesive layer patterned
with a 600 um-wide channel connecting two 1 mm-diameter chambers. The adhesive is
aligned and adhered to a piece of 0.6 mm-thick polycarbonate (McMaster-Carr, CA,
USA) previoudly drilled with two 1 mm holes. This 2-layer stack is then manualy
aligned to the carbon electrodes and the arrangement is sealed using the rolling press at
speeds down to 1 mm-s™. This 2-layer design was used for carbon-DEP devices that were
tested using a syringe pump (details chapter 4). The 4-layer microfluidic network was
used for carbon-DEP devices tested using centrifugal pumping (details in chapter 5). For
example, in the case of the chips used in the SpinDEP platform two different channels are
cut in the first adhesive layer: 1) a 600 pm-wide channel to contain the carbon electrode
array and 2) a1 mm channel for sample retrieval. 8 mm diameter circles are then milled
from a 1 mm-thick PC sheet to fabricate chambers with volume equal to 50 ul. These
chambers are used to load and retrieve the sample from the carbon-DEP chip. A second
adhesive layer was patterned with 8 mm-diameter circles to interface the second PC layer
with the top cover. A channel is also patterned in this adhesive layer to provide venting to
the retrieval chamber. The top PC cover features loading, retrieval and venting holes
which were drilled on a 0.6 mm PC sheet. PC and adhesive layers were mechanically
aligned and sealed together using the rolling press. An isometric exploded view and atop
view are detailed in Fig. 2.22. The first adhesive layer is used to adhere the network to

the substrate containing the carbon electrodes.
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Fig. 2.22 1sometric exploded view and top view of a 4-layer microfluidic network fabricated using
double-sided pressure-sensitive adhesive and polycarbonate

Venting

The fluid network was then manually aligned around the carbon electrodes and adhered
to the planarized SU-8 surface around the electrodes detailed on the SU-8 cover layer
section. The rolling press was again used to seal the arrangement.

This approach offers various advantages over the other two detailed above. The use of
adhesive effectively seals the microfluidic chamber and allows flow rates up to 6
ml-min™* without leaking. The replacement of glass with polycarbonate in the fabrication
process makes drilling significantly more manageable, reduces weight and cost of the
device and most importantly increases the robustness of the experimenta chips. Since
SU-8 photolithography is no further needed both fabrication time and cost of the
microfluidics is greatly reduced. A drawback is that alignment to the carbon electrodesis

still conducted manually and wide spacing from the array to the channel wall may still be
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obtained. Acetone and NaOH may not be used to clean this type of microfluidics since it

attacks polycarbonate. IPA and sodium dodecyl sulfate may be used instead.

2.3 Fluidic and el ectrical interconnects

Further processing after interfacing the fluid network to the carbon electrodes includes
the 1) electrical connection between the carbon e ectrodes and the function generator and
2) the fluidic connections of the syringe pump and exit reservoirs to the channel inlet and
outlet respectively. Fluidic connections are not needed when the carbon-DEP device is
intended to be used in an experimental platform using centrifugal pumping. Electrical
connections were made by first depositing (using the brush provided) silver conductive
paint (SPI Supplies®, West Chester, PA) on the carbon pads. Metal wires of caliber
AWG18 were then soldered to the silver. Resistance of the carbon-silver interface
averages 120 Q while the resistance of metal wire to solder is negligible. A cross-section
of a typical carbon-DEP chip at the connection pads is illustrated in Fig. 2.23a. The
fluidic connections to the inlet and outlet of the channel contained in the chip depend on
the type of microfluidics used. In the cases of on-substrate SU-8 and off-substrate
adhesive-PC microfluidics the connections were made using commercial components
from Upchurch Scientific (now part of IDEX® Health and Science, Oak Harbor, WA).
Only NanoPort™ assemblies that allowed for the use of 1/16” OD (outside diameter)
tubing were used in this work (catalog number N-333) since a wide variety of
commercialy available flow control elements such as valves and adapters are optimized
to make use of 1/16” OD tubing. The N-333 assembly features a threaded (10-32) plastic

reservoir that is attached to the chip (illustrated in Fig. 2.23b) and a correspondent
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threaded fitting to secure the tubing to the reservoir as illustrated in Fig. 2.23b and c.
Teflon® tape was used in the threads to prevent leakage. The cross-section at the channel
outlet of a carbon-DEP device featuring adhesive-PC microfluidics is shown in Fig.
2.23b. In the case of PDMS microfluidics, the connections are done by simply inserting
1/16” OD tubing in the holes previously made by poking through the PDMS using a
needle. The easticity of PDMS and the fact that the hole made by the needle is smaller
than the tubing diameter alows for atight connection at low pressures.

A significant problem arising from the use of fluidic connectors such as the NanoPort
assemblies is the physical interface to certain objective lenses of a microscope. The
fluidic connectors are perpendicular to the carbon-DEP chip and act as two protruding
posts that may be close to each other. This separating distance between connectors
determines the maximum diameter of an objective lens that may be used to visualize the
DEP experiment. Objective lenses with diameter greater than the separating distance
cannot be positioned on top of the carbon electrode array. While 5X and 10X objective
lenses usually feature working distances of several millimeters, the working distance of
20X and 50X objectives is no more than few millimeters. The use of an objective lens
with long working distance (as shown in Fig. 2.23c) greatly benefits DEP experiments
when using connectors positioned perpendicular to the chip. Unfortunately, long working

distance objectives can be quite expensive.

101



cross-section at A cross-section at B

ggg Adhesive . Carbon

Wires ;-;{_SiliconISiIiconDioxidewafer E sSu-8
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Fig. 2.23 Cross-sections at different points of a typical carbon-DEP device. Cross-section A
exemplifies the electrical connections, Cross-section B exemplifies the fluidic connections
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An alternative fluidic connector with low profile was fabricated in this work to allow the
physical interface of carbon-DEP chips to wide objective lenses with short working
distance. Buna-N O-rings with inside diameter of 5/64” (1.98 mm) were first glued
(Loctite® All-Plastics Super Glue) to a 0.6 mm-thick piece of polycarbonate. The glue
was allowed to fully cure at room temperature for 24 hours. The use of epoxies is not
recommended in this case since based on this author’s experience the epoxy does not
react with Buna-N and the connector leaks. The viscosity of the epoxy also prevents it
from flowing into tight spaces which can compromise the seal. After 24 hours, the O-
ring glued to the polycarbonate was manually aligned to the channel inlet and glued to
the polycarbonate surface of the carbon-DEP chip. The fluidic connection to the channel
is done by using a needle to poke through the Buna-N O-ring. The needle is then secured
in place using the same glue. A male-luer to female 10-32 adapter (Upchurch Scientific,
catalog number P-656) was used to interface the needle to 1/16” OD tubing. This
connector allows for a fluidic connection that is paralel to the surface of the chip rather
than perpendicular to it as is the case when using traditional connectors. Leaks could not
be discerned when flowing water through the connector at rates up to 6 ml-min™.
Furthermore, the connector itself is only 3 millimeters high and alows the use of awider
variety of objective lenses. Different views of this alternative connector are shown in Fig.
2.24. An ideal connector would be a transparent hollow dome-shaped rubber piece that
can be glued around the channel inlet. The fluidic connection could then be done at any
angle depending on the experimental setup. The use of a solid piece of rubber on top of

theinlet prevents from connection at an angle of zero degrees or paralld to the channel.
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Fig. 2.24 An alternative connector using buna-N o-ring and polycarbonate. The interface to 1/16”
tubing is done by poking with a syringe and using a male-luer adapter. The dashed red squares
represent the cross-section of the connection in a) and the view on an experimental deviceinb). c) A
significant reduction on the height of the experimental device is achieved when using the O-ring
connector instead of commercial connectors (red solid elipse)

The final carbon-DEP chips may be sealed using epoxy. This s particularly needed when
using SU-8 microfluidics since the bonding of the glass cover isnot awaysidea. Fluidic
connections are not needed when the carbon-DEP device is intended to be used in an
experimental platform using centrifugal pumping. In this case the sample is manually

introduced in the carbon-DEP using a pipette (loading holein Fig. 2.22).
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2.4 Resume of fabricated devices and discussion

Several iterations of carbon-DEP devices were fabricated following the methodology just
detailed. Table 2.7 resumes the development of carbon-DEP from the initial proof-of-
concept to the current state-of-the-art. The different devices are shown in Fig. 2.25. The
discussion in this section is about the cost and time of each fabrication process used in
this work and the cost and reliability of the different carbon-DEP devices obtained as a
result.

Each column in Table 2.8 details the fabrication process for various carbon-DEP devices.
The ID tags of the columns reflect the application the chips were used for. Each
application is detailed in the next chapter. Briefly, proof-of-concept refers to the use of
carbon electrodes to prove the capability to induce negative and positive DEP on yeast
cells. Devices fabricated following the 2D and 3D columns were used to quantify the
filter efficiency when using 3D and 2D electrodes. 3D + PDMS is essentially the same
process as 3D but using PDMS instead of SU-8 to fabricate the microfluidics. 2-stage
describes those chips used for the demonstration of a 2-stage filter, i.e., two different
electrode arrays polarized with different signals. The SpinDEP column details those
devices used with a centrifugal microfluidics platform. Screening devices were used to
qualitatively characterize the behavior of E. coli and Drosophila cells when under the
influence of different DEP forces. The most significant changes between the different

chips are the height of the carbon electrodes and the type of microfluidics.
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Table 2.8 Development of carbon-DEP chips

ID tag Proof 2D 3D 3D 2-stage | SpinDEP | screening
of +
Parameter concept PDMS

CARBON ELECTRODES
Connection leads " - Leads | Leads | Leads? Leads3 | Leads3 Leads 3
1 1
Electrodes ™ Posts 1 Posts | Posts Posts 4 Posts 4 Posts Posts 3
1 4 3&5
shape wedge cylinder
height (um) 5.6 56 | 60 | 60 | 60 [ 40&73 | 40
SU-8 cover none yes
f distance between electrodes:
Array Configuration X=100 um
: Y=45um
; E’K?‘:: post diameter = 21.5 — 26 um"*
G =120 um
Kind of DEP trap single multiple quadrapolar
quadrapolar
MICROFLUIDICS
Channel materia SU-8 PDMS Adhesive
YES
SU-8 YES YES Channel 2
photolithography " Channel 1 Channel 2 used to not required
fabricate
mold
Channel cover glass - polycarbonate
Channel cross-section
height (um) 50 66.38 66.38 100
width (um) 500 500 575 600
Max. flow rate
implemented  with |  not tested® 500 100 6000
no leaks (ul'min™)
INTERCONNECTS
tubing PC +
Fluidic Upchurch N-333 inserts N-333 not Buna-N
(Upchurch required O-ring
1522)
Electrical silver conductive paint + solder + AWG18 wires
COMPARISON
Cost (material + $$%4 $5$ $$Va $$Ya $a $%
fabrication) (highest)
Reliability ++ + +++ (most reliable)
Fabrication time o¥i(shortest) | ee¥ | eeel eee//, e | eels | ee¥
Notes: Trefer to Tables XX and XX for full fabrication details. ID tags (Leads 1, Posts 4, etc.) must

be correlated
* refer to Table XX for full details on carbon posts dimensions
8 max. flow rate during experiments was 10 pl/min
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Fig. 2.25 Different devices fabricated in this work: a) Proof of concept, b) 2D and 3D, c) 3D +
PDMS, d) 2-stage, €) SpinDEP and f) screening
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Tall electrodes (3D, 2-stage, SpinDEP) were used to improve the trapping efficiency.
Electrodes with lower heights (2D, Screening) were used to characterize the DEP
behavior of different cells since the fabrication of electrodes of low to medium height
(<50 um) is less challenging and time demanding than the fabrication of tall ones. The
cost to fabricate the different electrodes (in terms of used material and independently
from cleanroom usage fees) is basically the same regardiess of the electrode height.
However, tal electrodes require longer fabrication times than short ones due to longer
baking times during the photolithography of SU-8. The fabrication time and cost is
significantly less in the case of Proof-of-Concept since only one, relatively thin, SU-8
layer is required to fabricate the electrodes and the SU-8 cover layer is not needed. The
biggest difference in reliability and fabrication cost and time between different devices
came from the type of microfluidics and back-processing used in each case rather than
from the fabrication of carbon electrodes. The rationale behind the comparison made in
Table 2.8 is detailed next.

Fabrication costs are determined by the cost of the materials and processing tools
involved in the process. One full money ($) symbol was given for the fabrication of
carbon electrodes and connecting leads because this process requires SU-8
photolithography and mask aignment. Three quarters of a symbol was given to the
fabrication of planar € ectrodes because mask alignment is not needed but flood exposure
systems still average $30 000 USD. The type of microfluidics used adds either ¥4 or one
full symbol. A quarter of a symbol was given for the use of adhesive + polycarbonate
since the materials are very low cost (polycarbonate < $0.32 USD per cm? for thicknesses

up to 5 mm, adhesive) and the machines employed to pattern them are relatively
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inexpensive (CNC mill, cutter). A full symbol was given when SU-8 photolithography is
used, to fabricate the microfluidics or the PDMS mold, since SU-8 is expensive (averages
$1 USD per ml as on 2010) and the equipment used to deposit and pattern it are also
expensive (spinner >$1 000 USD, mask aligner > $100 000 USD). An extra %2 was added
in the case of PDMS microfluidics to account for the cost of PDMS (Sylgard® 184
averages $0.1 USD per ml) and related casting equipment. Regarding back-end
processing, the use of NanoPort assemblies as fluidic connectors adds a full symbol ($20
USD for each assembly, a chip usually needs two assemblies) while the use of in-house
fabricated polycarbonate + O- only adds a quarter of a symbol. The less expensive
devices are those fabricated following the process in the SpinDEP column since
adhesivetpol ycarbonate fluidics were used and no back-processing was required.

A device is most reliable when it does not present leaks regardless of the rate used to
flow the sample through the channel and when it offers high repeatability. The use of
adhesive + polycarbonate microfluidics yields the most reliable devices followed by SU-
8 microfluidics. The use of PDMS led to poor results. However, the bonding of PDMS to
SU-8 using oxygen plasma is expected to significantly improve reliability.

The fabrication time mainly depends on the height of the carbon electrodes and whether
or not SU-8 photolithography is required to fabricate the microfluidics. The symbol (e) is
used here to denote the relative fabrication time. The longest process is that with the most
(e) symbols. A full (e) symbol is added if tall electrodes are required. Half (2) a symbol
is added if medium-height electrodes are fabricated. One half of a symbol is given to the
fabrication of connection leads, planar electrodes and the SU-8 cover layer. The use of

photolithography to fabricate SU-8 microfluidics or the mold for PDMS adds one full
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symbol. PDMS casting adds a quarter of a symbol only when fabricating more than one
device with the same mold since the fabrication time of further PDMS pieces decreases.
A full symbol must be added if only one device is made since a complete
photolithography process would be needed to fabricate this one-time mold. The use of
adhesive + polycarbonate microfluidics only adds half a symbol since both the cutter and
the CNC mill can pattern a substrate at speeds as fast as 3 mm per second. The
positioning of the fluidic connectors adds one quarter of a symbol. The basic device used
for the proof-of-concept is the shortest one to fabricate since it only requires one
photolithography step and does not require the cover layer. The use of adhesive +
polycarbonate microfluidics also decreases fabrication time since no photolithography is

required.

2.5 Possible improvementsto current carbon-DEP devices

2.5.1 Transparent Qubstrate

A significant restriction on the type of substrate that can be used for pyrolysis stems from
the low number of materials capable of withstanding very high temperatures. The use of
substrates other than silicon or silicon/silicon dioxide wafers for pyrolysis of SU-8
structures has not yet been achieved. Unfortunately, silicon and silicon dioxide are
opaque and restrict the visualization that can be conducted during experiments to the use
of illumination sources positioned on top of the wafer. While this may not represent a
challenge when using a microscope featuring top illumination, it does when using an

inverted microscope as those featured in many experimental settings (including many
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used for cell biology). For example, the interface of carbon-DEP devices to inverted
microscopes is chalenging and requires the use of specia optics (long working distances
are required) or drilling/etching of the silicon wafer to fabricate the fluidic inlets and
outlets. The fabrication of carbon structures on atransparent substrate allows for far more
versatile devices than those being fabricated now. Certain imaging techniques such as
confocal microscopy and fluorescence may benefit from the capability to illuminate the
sample contained in the device from the top or the bottom (or from both sides).
Furthermore, the use of transparent substrates during SU-8 photolithography enables
back-side exposure and the fabrication of structures with walls featuring an angle greater

than 90° such as micro-needles '%2%,

Selected thermal properties of transparent
substrates commonly used in microfabrication are shown in Table 2.9. B270 Superwite®
and Pyrex® are used to exemplify soda-lime and borosilicate glasses respectively. Other
borosilicate glasses include Borofloat®, 1737F, Eagle 2000™, Duran® 8330, Wheaton
180, Wheaton 200, Kimax® and Borex®. Both soda-lime and borosilicate glasses soften at
temperatures below 820 °C and cannot be used for pyrolysis. Some fused Quartz / Silica
glasses (GE124 and Dynasyl 1100 for example) soften at temperatures above 900 °C and
may be used for pyrolysis using the protocol used here (some pyrolysis protocols require
the sample to be heated up to 1700 °C *?%). However, previous work with quartz wafers
performed by other members of the research lab of this author showed detachment of the
carbon structures from the quartz substrate. The fact that quartz features a coefficient of
thermal expansion (CTE) similar to that of silicon oxide (0.55 X 10°® K™) and the SU-8

adhesion to quartz is reported to be better than that to Si [reference microchem] should

lead to the conclusion that SU-8 can be pyrolyzed on quartz substrates. However, the
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thickness of the silicon dioxide layer on the substrates used for pyrolysis is only 0.5 pm
which is 1000 times less than the thickness of the underlying silicon wafer (500-550 um)
and the net expansion may be considered to be just that of the silicon wafer. The CTE of
silicon (2.5 to 4.442 X 10 K™) isin the same order of magnitude than that of glass-like
carbon (2 to 3.7 X 10°. K™). This may explain why the carbon structures remain on a
silicon-based wafer and they do not on a quartz substrate. The use of transparent
synthetic sapphire (CTE = 4.5 to 5.3 X 10°. K™ and softening point above 2040 °C) for
photolithography and pryrolysis may lead to the fabrication of carbon structures on
transparent substrates. An aternative may be the use of auminium oxynitride, a

N™ and has a coefficient of

transparent ceramic. This materia is commercialized asALO
thermal expansion of 7.5 in the range from 20°C to 900 °C. Its melting point is 2150 °C.

The exact softening and strain point could not be found in the public domain.

Table 2.9 Selected properties of materials commonly used as substrates for microfabrication

Coefficient of Thermal | Strain Point (°C)* | Softening Point Avg. cost
Expansion (10°-K™) (°C) per 4” wafer
Material (USdollars)

Silicon (Hull 1999) 25-4.442 1414 20-25

Silicon Oxide Film 0.55 - 1700 25-30

(MEMS Exchange

2009)

Soda-lime (B270 8.9 511 724 <20

Superwite®)

Borosilicate 3.25 510 821 26-40

(Pyrex® 7740)

Synthetic sapphire 4.55.3 - 2040 425
FUSED QUARTZ / SILICA

GE124 0.55 1122 1683

Corning 7980 0.55 893 1585

Dynasil 1100 0.55 1000 1600 85-95

Vycor 7913 0.75 890 1530

NSG OZ Quartz 0.65 1090 1720

*Note: aglass may be heated to its strain point but only intermittently
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The cost of the substrate materials just detailed tends to be on the high end as shown in
the last column of Table 2.9. Such high cost may be justified in some applications but the
use of low cost substrates is desired for carbon-DEP since the devices are likely to be
disposable. A disposable device eliminates cross-contamination and cleaning costs.
Furthermore, the use of a low cost device derives in inexpensive assays that can be
offered to a broad number of patients. Low cost substrates include soda-lime glass and
polymers such as polycarbonate, polyester and cyclic olefin. While these materials do not
survive the temperatures used in pyrolysis, a desired pattern can be carbonized using a
silicon wafer and then transferred to a low cost substrate. The wafer used during
pyrolysis can then be re-used. A procedure for pattern transfer is detailed next. The
general experiment is described first with details following shortly.

An 11.2 um-thick SU-8 layer was patterned on either silicon or silicon/silicon dioxide 4”
wafers following the fabrication process described in Leads 3 in Table 2.3. The pattern
consists of squares and rectangles of different sizes. Some of these patterns also feature
arrays of fingers protruding from their side edges. The SU-8 pattern was then carbonized
using a one-step pyrolysis protocol as detailed above. After pyrolysis, the resulting 1.5
um-thick carbon structures were immersed in a solution to induce their detachment from
the wafer. Once the structure detaches and gets suspended in solution, it is retrieved using
fine tweezers and manualy positioned on a glass or polycarbonate (PC) substrate.
Remarkably, the carbon structure could be moved freely (by exerting pressure on it using
the tweezers) on the glass or PC substrate as long as there was a hydration layer. This

layer is eliminated once the carbon pattern is positioned on its final location. This basic
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procedure is illustrated in Fig. 2.26 together with the resulting carbon patterns deposited
on low cost transparent substrates such as soda-lime glass.

The process was optimized in terms of the solution and temperature used to induce
detachment and the media used to deposit the carbon on the glass or polymer substrate.
The optimization process is resumed in Table 2.10. The use of piranha solution gives the
better results. It has previously been shown that glass-like carbon is chemically inert to
piranha 2. The use of piranha solution at 125 °C led to a rapid detachment from both
silicon and silicon dioxide substrates. However, significant bubbling of the solution at
this temperature introduces strong hydrodynamic forces that quickly break the carbon
patterns once these have been detached. Eliminating the heating of the piranha led to
better results. In this case the carbon patterns are not observed to detach from the
substrate while immersed in piranha but they readily detached upon immersion in a DI
water bath used immediately after the piranha one. No carbon breakage was observed in
this case. The different results obtained by just varying the temperature of the piranha
batch can be explained by the combination of chemical and physical factors. The rate of
chemical attack of piranha to the interface between the silicon-based wafer and the
carbon pattern depends on temperature. While at high temperatures the attack is severe
enough to rapidly detach the carbon patterns, at room temperature is only strong enough
to weaken the interface. Another factor to account for is the degree of bubbling in the
solution. The convection forces originated by strong bubbling may be enough to

overcome the already weakened adhesion forces holding the carbon on the substrate.
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Fig. 2.26 Carbon patterns deposited on a piece of glass
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The degree of bubbling greatly diminishes at room temperatures and the convection
forces are not strong enough to overcome the less weakened adherence of carbon to the
wafer. Stronger physical forces are induced during the submersion in the DI water bath
and thus the carbon film can only be detached then. It is important to mention that
detachment in piranha solution was only achieved when the SU-8 structure was not hard
baked. Similar experiments were performed on a carbon film resulting from a hard baked
(10 min at 95 °C on a hotplate) SU-8 layer and the film could never be detached even
after 20 min in piranha solution. In conclusion the use of a piranha bath at room
temperature for 5 to 6 minutes is enough to weaken the adhesion between carbon and
silicon. A Dl-water bath can then be used to remove the carbon patterns from the
substrate. The optimization of the type of media to use during pattern deposition on the
glass or plastic substrate is detailed next and resumed in the second part of Table 2.10.
Once the carbon patterns were suspended in the piranha solution they were transferred
into either an acetone or DI-water bath. The direct deposition of the carbon patterns from
the piranha bath is not possible due to safety issues and to the attack of piranha to
polymer substrates. The use of a water bath gave the best results since the deposited
carbon could be dried off using a nitrogen gun and water did not attack the substrates
used in this work. The use of acetone during deposition causes the carbon pattern to
detach from the glass or polymer substrate upon blowing it dry. Acetone attacks
polycarbonate and may only be used when depositing the pattern on selected substrates
known to be resistant to acetone such as glass. The carbon pattern, deposited using water,

was also dried by inserting the arrangement in a convection oven set at 120 °C. Blowing
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the substrate dry was preferred since it led to a more rapid drying and to what

qualitatively appears to be a better adhesion to the substrate.

Table 2.10 Solutions used to detach a carbon film from a silicon or silicon/dioxide wafer and

T Substrate | Detachment
(°C) Speed (min)
25 S 60

different media used to deposit such film on a glass or polymer substrate
Solutions used to induce detachment

Detachment
uniformity

RENELS

Acetone poor carbon film takes too long to
detach, it detaches in separate
pieces rather than as awhole

pattern

Piranha 25 SO, 5-6 excellent Detachment is obtained after

31 immersion in DI water. Refer to
H,S0,:H,0, text for details
125 Si 2-3 excellent Strong hydrodynamic forces due
125 SO, 2-3 excellent to solution bubbling break the
suspended patterns

Dl-water 25 SO, - - NO DETACHMENT after 40 min

H,SO, 125 SO, - - NO DETACHMENT after 10 min

H,O, 125 SO, - - NO DETACHMENT after 10 min
Acetone YES pattern flies off upon blowing it dry, evaporates at room temperature
DI water YES pattern can be blown dry, requires convection oven to evaporate
Piranha NO cannot be blown dry nor evaporated due to safety issues

2.5.2 Metal connection leads

Ideally, the connection pads and leads of carbon-DEP devices should be made out of
metal instead of carbon. Carbon is around 4 orders of magnitude less conductive than
most metals and its use to fabricate the connection leads introduces a significant
resistance in the electric circuit. The use of selected metals minimizes this resistance and
prevents a voltage loss in the connection leads. The metal to be used must have a melting
point well above the pyrolysis temperature and a CTE similar to that of the substrate to
prevent the metal from detaching during pyrolysis. Furthermore, the CTE of the metal

should be similar to that of carbon to maintain the carbon electrodes on top of the
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connection leads through the pyrolysis process. Selected properties of severa metas
commonly used in microfabrication are shown in Table 2.11. The melting point is the
first parameter to take into account to guarantee that the metal will not flow during
pyrolysis. Since most of the metals (except for Ag and Al) shown have a melting point
above 900 °C the next step is to consider a metal with a similar CTE than carbon and the
substrate material. Here silicon is assumed to be the substrate material. The CTE of glass-
like carbon ranges from 2 to 3.7 X 10°- K™* while that of silicon does in between 2.5 and
4.442 X 10°- K™, Tungsten and chromium appear to be the best candidates in this case
with tungsten being the first choice given its lower resistivity and higher melting point

than chromium.

Table 2.10 Selected properties of metals commonly used in microfabrication

Material CTE Resigtivity Melting Point Density
(X 10°-K™) (X 10° Q-m) {®) (g-cm™)

W —tungsten 4.5 52.7 3422 19.25
Cr —chromium 4.9 125 1907 7.15
Ti —titanium 8.6 420 1668 4.506
Pt — platinum 8.8 105 1768 21.45
Co — cobalt 13 62.4 1495 8.9
Ni - nickel 134 69.3 1455 8.908
Au-gold 14.2 22.13 1064 19.3
Cu — copper 16.5 16.78 1084 8.96
Ag-—silver 189 15.87 961 10.49
Al - aluminum 231 26.5 660 2.6

Note: CTE = coefficient of thermal expansion

Chromium was tried in this work because it was already available and because the
deposition parameters for chromium are well established. An electron-beam evaporator

(Airco/Temescal CV-14) was used to deposit a 1500 A-thick chromium layer on a
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silicon/silicon dioxide 4" wafer. The deposition rate was 1.5 A-s™ for the first 500 A and
2.4 A.s' afterwards. The chromium layer was then patterned as connection pads and
leads using a chrome etchant and an AZ photoresist layer as mask. The AZ layer was
previously patterned using the positive-tone version of the mask used to pattern the first
layer of SU-8 and which later became the carbon pads and connecting leads to the carbon
electrodes. The AZ layer is stripped using acetone after patterning the chrome layer. SU-
8 posts were then patterned on top of the chrome leads and the arrangement was
pyrolyzed using the protocol detailed above. The initia results are shown in Fig. 2.27.
The chrome layer does not detach from the substrate after pyrolysis. However, some
degradation on the leads is present. Although the majority of the carbon posts remain it is
hard to determine the degree of contact between the carbon and the chrome by only

visual observation and further characterization is needed.

Fig. 2.27 Preliminary results on the use of chromium to connect the pad and the base of the carbon
electrodes
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CHAPTER 3. Electromagnetic and Fluido-dynamic characterization of

a selected carbon-electrode DEP device

The modeling of eectric and flow velocity fields in a carbon-DEP device is presented in
this chapter. The study presented here revolves around an electrode array geometry that is
areplica of the physical device detailed as 2-stage in chapter 2, Table 2.7. The modeling
methodology used here can be extrapolated to optimize device geometries and other
experimental parameters to shorten devel opment times of future carbon-DEP devices for
different applications. Previous simulation work on the electric field that is created by a
post electrode array includes that by Park et a . These authors theoretically
demonstrated the advantage of using 3D electrodes and the beneficial correlation of
electromagnetic and flow velocity fields to improve the performance of a DEP filter.
However, their results were obtained considering electrodes made out of a perfect
conductor rather than carbon. The work presented in this chapter considers carbon
electrodes. The material presented here is the result of a research collaboration with
Javier Baylon-Cardiel and Sergio O. Martinez-Chapa from Tecnologico de Monterrey,
Mexico (electromagnetic characterization) and Salvatore Cito at the time part of

Universitat Rovirai Virgili, Spain (fluido-dynamic characterization).

3.1 Electromagnetic characterization

The effect of variations on electrode height, applied voltage and conductivity of the
sample on the spatia distribution of the electric field gradient magnitude is quantified
here. The DEP trapping force is directly proportional to the gradient of the magnitude

square of the electric field and cells can only be trapped in those volumes with an electric
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field magnitude higher than a certain value. The goal of this section is to calculate the
volume of the regions with an electric field gradient magnitude that allows for cell
trapping against a certain flow rate and to obtain the maximum trapping throughput of a
carbon-DEP device. This maximum throughput depends on the electrode array
dimensions and experimental parameters such as applied voltage and sample
conductivity. The maximum throughput of a device can be used to limit the cell
concentration in the sample and time of experiment to prevent the saturation of the array
and a decrease in sorting efficiency. Materials and methods are detailed first followed by

results and discussion.

3.1.1 Materialsand M ethods

COMSOL Multi-physics 3.3a software (COMSOL, Sweden) running in a workstation
featuring a SUN Blade 1500 with 1 GHz processor (SUN Microsystems, Inc. Santa Clara,
CA now part of ORACLE), 4 GB of RAM and Solaris 9 (SUN Microsystems, Inc.) as
operating system (OS) was used in this work. The geometry shown in Fig. 3.1awas used
to obtain the spatia distribution of the electric field gradient magnitude ranges across a
sample volume as electrode height, polarization voltage and sample conductivity
changed. The 5 X 5 electrode array presented here is a simplification of the red

experimental device.
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Fig. 3.1 a) Geometry used to model the electric field in the sample volume (shaded area) and the
ohmic losses in the connection pad and leads (un-shaded area). b) Dimension details on the
polyhedron used as

The geometry contains two parts with different attributes. The first part is the shaded area
which denotes a sample volume equal to 8.575X10™ m? given by the product of a 625 X
1400 um?® surface and a channel height of 98 um (the 2 pm-thick SU-8 layer is not
included in the simulation). This volume represents a part of the flow through micro-
channel fabricated in the real devices. All boundaries in this volume are considered
eectrically insulating except for the surface of the carbon electrodes (the dark circles in
Fig. 3.1a The conductivity of carbon is assumed to be 1 X 10* S-m™ following the results
detailed in chapter 2, section 2.1.1. The leads connecting the pads and the base of the

electrodes (1.5 pum-thick) are insulated from the sample by the SU-8 layer and are
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considered to conduct only through the cross-section perpendicular to their length axis.
The second part comprises the rest of the geometry shown in Fig. 3.1a and contains the
connection pads and part of the connection leads. The thickness of these carbon structures
is 1.5 um. All boundaries of the pads and leads are considered electrically insulating
except for the cross-section of the connecting lead that is perpendicular to its length axis.
This same cross-section permits the electrical coupling of the first and second parts
(shaded and not-shaded) of the geometry shown in Fig. 3.1a. Separate simulations were
done for each part to simplify the model and relax computational requirements. The
results of the simulation to model the voltage drop on the connection pads and leads were
coupled to the simulation to model the electric field in the sample volume using the
identity boundary condition function available in COMSOL Multi-physics v3.3a
(exploiting the shared boundary between the two parts of the geometry). This
methodology alows for the consideration of ohmic losses in the connection leads as
detailed in a section above (carbon electrical characterization). The polarizing voltages
reported here are those applied in the connection pads.

The gpatia distribution of different electric field magnitudes in the sample volume was
calculated using a triangular mesh featuring 12 000 elements and 76 000 degrees of
freedom. The Laplace equation

VA/ =0 (3.1)

is solved along the geometry using the Lagrange method available in the software used
here. In this method the solution to Equation 3.1 is approximated by a low-order
polynomia in every element of the mesh. The boundary conditions were aready

explained above. For the internal boundaries, a condition of continuity was considered.
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The conductive pads, connecting leads and carbon posts were assumed to have a
resistivity of 1 X 10 Q-m based on the results obtained in chapter 2. SU-8 was assumed
to have a resistivity of 3 X 10°Q-m ?®. The height of the electrodes was varied from 5
um to 40, 70 and 100 pm. The polarizing v oltages used here were 5, 10, 20 and 40 V,
(peak-to-peak). The conductivity of the suspending medium was varied between 10, 100,
1000 and 5000 pS-cm™.

Although the ohmic loss along the length of the connecting leads causes each carbon post
electrode to be polarized with a different voltage (details in sections “carbon electrical
characterization” and SU-8 cover layer above) preliminary results showed that the
magnitude of the electric field, g = —vv , around all posts remains constant. The voltage
drop aong the height of a carbon post is also observed to be negligible (around 0.001 V).
This observation suggests that the magnitude of the electric field generated upon
polarizing the carbon post electrodes does not vary in the z-axis. The electric field is

expected to change only in the radial direction on the x-y plane.

M ethod to calculate the volume of each electric field magnitude range

The method to calculate the sample volume subjected to a given electric field magnitude
range is detailed in this section. Since the electric field created by a polarized carbon post
electrode is symmetric in the x-y plane, calculations are simplified by only anayzing a
quarter of the carbon electrode and the volume surrounding it as shown in Fig. 3.1b. The
total sample volume is made of a finite number of such simplified geometries. These
rectangular prisms feature a width of 62.5 um, depth of 35 um and a height equal to 98

um (the 2 um-thick SU-8 layer is not considered in the simulation). The results obtained
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in this ssimplified volume are extrapolated to the other three quarters of the carbon post.
Therefore, the total volume of a certain eectric field magnitude range around a post
electrode is the volume obtained in the calcul ation performed here times four.

A numerical method is used here to compute volume integrals from the value of the
electric field at every point in the volume analyzed. The electric field values a each point
were calculated using COMSOL Multi-physics 3.3a and the results exported into
MATLAB 7.0 (The MathWorks, Natick, MA) where the numerical method was
implemented. This method consists on a differential sweep through an x-y plane to
classify area elements into regions of different electric field magnitude. These regions are
later multiplied by a height differential to obtain a volume. The process is repeated on a
different x-y plane until the whole height of the volume being analyzed has been swept.
The differentialsin the x and y directions were 0.20245 and 0.19492 um respectively. The
height differential changed depending on the height of the electrodes. If the electrode
height is not 100 um (but 5, 40 or 70 um), the height differentia was 5 um. This
differential value was chosen because the number of points obtained from COMSOL
Multi-physics 3.3a was limited by the memory of the equipment used here. However, it
was found to be reasonably accurate to calculate the volumes in the 98 pm-high
rectangular prism. In the case of 100 um-high posts the height differential used was 98
um. This value was used because it was observed in the simulation results how the spatial
distribution of the electric field created by electrodes as tall as the channel containing
them does not change significantly in the z-axis (Fig. 3.3d). The numerical method was
first validated by calculating the volume of a quarter of electrode given by an electric

field equal to zero. A further validation is the fact that the sum of all volumes with an
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electric field magnitude higher than zero equals the total volume of the rectangular prism

minus the volume of the quarter of electrode.

3.1.2 Experimental validation

The simulation results obtained with COMSOL Multi-physics are experimentally
validated in this section. Furthermore, the minimum electric field gradient magnitude
required to trap cells flowing through the electrode array at a given rate is also specified.
COMSOL multi-physics was used to calculate the electric field gradient created by the
electrode array in the sample volume shown in Fig. 3.1a. The sample conductivity is 10
uS-cm™ which is an approximate of the conductivity of DI water. The post electrodes
feature a height of 70 um and are polarized by a 20 V, signal. Experimental results were
obtained by using a carbon-DEP chip similar to that described in the 2-stage column in
Table 2.7. Two different experimental samples were used separately to demonstrate
positive and negative DEP. The experimental sample to demonstrate positive DEP
featured yeast cells (S cerevisiae) in DI water. The sample is flowed through the carbon-
DEP chip using a syringe pump to keep the flow rate constant at 10 pl-min™. A function
generator was used to polarize the electrode array with a sinusoidal signal featuring
magnitude of 20 V, and frequency of 100 kHz. At this frequency, viable and non viable
yeast cells are attracted to those regions with a high electric field gradient (positive-DEP
force). The experimental sample to demonstrate negative DEP featured 8 um-diameter
latex particles (Duke Scientific, now part of Thermo Fisher Scientific) in DI water. In this
case a drop of the sample is deposited on the electrode array which is open to the

environment. No microfluidics are used in this approach. The electrode array is polarized
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by asinusoidal signal with magnitude 20 V ,, and frequency 1 MHz. At this frequency the
latex particle are clustered in those volumes with no electric field gradient (negative-
DEP). Simulation and experimental results are shown in Fig. 3.2. The pictures of
experimental results were taken 10 minutes after the experiment was started. The sample

flow, when present, is from top to bottom.

un-polarized electrode array

' |6e10
+ 5e10

4e10

yeast cells 8 um-diameter latex particles

trapped by trapped by
positive DEP negative DEP

Fig. 3.2 Experimental validation of the simulation results. Experimental results are positioned on
top and overlapped with the simulation results (the figures with shades of red). Positive-DEP is
demonstrated by trapping yeast cells (red ellipse on the | eft) against a flow rate of 10 pl min™.
Negative-DEP is demonstrated by clustering latex particles (red ellipse on the right) in stationary
conditions. A picture of the un-polarized electrode array is shown in the top left
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Positive-DEP is demonstrated on the left side of the figure by trapping yeast cells in the
regions with strongest magnitude gradient. These volumes are those denoted by the
brightest shades of red, yellows and whites in the simulation results and are located
around the carbon electrodes in this case. Since the electrode array is asymmetric (the gap
between electrodes in the y-axisis smaller than that in the x-axis) the strongest gradient is
in the y-axis gaps between electrodes and is in these volumes where the yeast cells are
mainly trapped. This gives rise to the characteristic columns which are collinear to the
flow lines in the channel. A minimum electric field gradient magnitude of around 0.75 X
10" V%.cm™ is needed to trap yeast cells against a flow rate of 10 ul-min™. This value
was determined based on the comparison between simulation and experimental results.
The use of slower flow rates permits cell trapping in volumes with lower electric field
gradient magnitude. A minimum electric field magnitude of 0.3-0.5 X 10 VZ.cm?® is
expected to be required to trap particles using positive-DEP in stationary conditions (no
flow). Cells flowing at a faster rate than 10 pl-min™, for example at 40 pl-min™, only get
trapped in regions with electric field magnitude higher than approximately 3 X 10%
VZ.cm?as shown in Fig. 3.3. Negative-DEP is validated by the clustering of latex
particles in the regions with the lowest magnitude of electric field gradient. Care must be
taken to guarantee that the electric field magnitude used for DEP does not compromise
the viability of the cell. More details on cell viability will be presented in the section

Membrane breakdown in chapter 4.
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Fig. 3.3 Yeast cells trapped using positive-DEP against a flow rate of 10 and 40 pl-min™*. Note how
the trapping efficiency is lessin the case sample is flowed at 40 pl-min™

3.1.3 Variationson eectrode height

The variation of available volume for positive and negative-DEP depending on e ectrode
height is detailed next. Four different electrode heights: 5, 40, 70 and 100 um are
considered here and separate simulations are implemented for each value. The height of
the electrode array is the only parameter changed in such set of smulations. All electrode
arrays are contained in a 100 um channel. The sample conductivity and polarization
voltage are kept constant a 100 uS-cm™ and 20 Vp respectively. The electric field
gradient around selected carbon post electrodes featuring different heights is shown in
Fig. 3.4 as caculated using COMSOL multi-physics. The figures shown are X-z cross-
sections of the correspondent electrode arrays. Fig. 3.4e shows the plot describing how

the volumes of different electric field gradient magnitude intervals change depending on
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the electrode height. This plot was obtained following the numerical method to calculate
volumes detailed above. The sum of the volumes obtained for all electric field
magnitudes for a given electrode height approximates the total volume of the rectangular
prism minus the quarter of the carbon electrode presented in Fig. 3.1b.

The use of short electrodes offers the less total volume with a high electric field gradient
magnitude. Based on the results obtained in the experimental validation section an
electric field magnitude squared threshold of 0.75 X 10™ V?.cm™ is assumed here to be
necessary to trap yeast cells against a 10 pl-min™ flow rate and a threshold of 0.5 X 10"
VZ.cm™to trap cells in stationary conditions (no flow). The conditions to trap other cells
can be determined using a similar methodology. Following the threshold electric field
gradient magnitude obtained above, the use of 5 um electrodes offers a trapping volume
of approximately 6.51 X 10* um?® which is enough to hold 243 particles featuring a
diameter of 8 um (the volume of such particle is 268 um?®). As the height of the electrode
increases the volume aso increases to 1.01 X 10° um® (40 pm-high electrodes), 1.15 X
10° um*® (70 pm-high electrodes) and 2.05 X 10° um® in the case of 100 pm-high
electrodes. This result validates the advantage of using 3D electrodes to fabricate high
throughput DEP devices. Planar electrodes traditionally used in DEP offer even less
trapping volume than the shortest electrodes presented here since their thicknessis in the
range of hundreds of nanometers.

The use of 100 pum-high posts offers the most trapping volume given by the sum of all
volumes with an electric field gradient magnitude squared higher than 0.75 X 10%

VvZ.cm?,
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Fig. 3.4 Spatial distribution of the electric field gradient magnitude squared around a carbon post
electrode with a height of a) 5, b) 40, ¢) 70 and d) 100 pm. e) Plot describing how the volumes of
different electric field magnitude intervals change depending on the electrode height.

131



In generd, the use of electrodes as tall as the channel containing them (as is the case of
the 100 um-high posts presented here) offers a uniform distribution of the electric field
along the height of the channel as shown in Figure 3.4d. In this case, the magnitude of the
electric field mainly varies in the radial direction on the x-y plane and the degree of DEP
manipulation on a given cell does not depend on its relative position to the total height of
the channel. The benefit of using short electrodes to contain cells in negative-DEP
regions is clearly demonstrated in Fig. 3.4e since such electrodes provide the most

volume with no electric field gradient.

3.1.4 Variationson polarizing voltage

The variation of positive and negative DEP volume depending on the voltage applied in
the connection pads is detailed in this section. Individual simulations were implemented
for applied voltages of 5, 10, 20 and 40 V. The height of the carbon post electrode and
the sample conductivity are maintained constant at 100 pm and 100 pS-cm™ respectively.
The distribution of the electric field throughout the sample volume for each applied
voltage was caculated using COMSOL multi-physics. The volumes for different
intervals of electric field magnitudes were calculated using MATLAB 7.0 following the
numerical method detailed above. The results are shown in Fig. 3.5 and represent the
gpatia distribution of the electric field gradient magnitude squared around an exemplary
carbon eectrode. Fig. 3.5e plots the variation in the volume of different electric field
gradient magnitude squared intervals depending on the polarization voltage.

The regions with highest magnitude of eectric field are those immediately around the

carbon post. Close inspection of Fig. 3.5 @) through d) show how the electric field
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gradient is qualitatively the same regardless of the polarizing voltage. It is the magnitude
in each region that increases as the polarizing voltage is increased. Therefore, the use of
40 Vi, ingtead of 5 Vo, as polarizing voltage provides more trapping volume and
increases the throughput of a carbon-DEP device as shown in Fig. 3.5e. For example,
polarizing the electrode array with 40 V, creates a volume around each electrode capable
to trap approximately 6 000 particles featuring an 8 um-diameter (considering an electric
field gradient magnitude squared threshold of 0.75 X 10%° VZ.cm™®). The use of a
polarizing voltage equal to 5 V, only creates a volume that is wide enough to trap 100
particles per electrode. Unfortunately the use of a 40 V,, polarizing voltage creates
regions where the electric field magnitude is higher than 7 500 V-cm™. Such strong
electric field may be detrimental to the cells. More details on cell viability are discussed

in the section cell membrane breakdown in chapter 4.
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Fig. 3.5 Spatial distribution of the electric field gradient magnitude squared around the carbon
electrodes when polarized using different voltages: a) 5, b) 10, ¢) 20 and d) 40 Vpp. €) Plot
describing how the volumes of different electric field gradient magnitude squared intervals change

depending on the polarizing voltage
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3.1.5 Variations on sample conductivity

The effect of sample conductivity on the trapping volumeis presented in Fig. 3.6. Figures
3.6 @) through d) represent the results from individual simulations using conductivity
values of 10, 100, 1000 and 5000 pS-cm™ respectively. The figures represent the spatial
distribution of the electric field gradient magnitude squared around selected carbon
electrodes. The height of the carbon post electrode array and the polarization voltage are
maintained constant at 100 um and 20 V y, respectively. Fig. 3.6e plotsthe variation in the
volume of different electric field gradient magnitude squared intervals depending on the
sample conductivity. Close inspection of Fig. 3.6 a) through d) show why a low
conductive media is desired to maximize the trapping volume. The use of media with
conductivity of 10 uS-cm® (DI water for example) creates a volume around each
electrode capable to trap approximately 4 000 particles featuring an 8 pm-diameter
(considering an electric field magnitude threshold of 0.75 X 10" V2.cm™). In contrast,
the use of conductivity values equal to 5 000 pS-cm™ (an approximate to the conductivity
of blood which is around 6 000 uS-cm™) only creates a volume that is wide enough to
trap 1 300 particles per electrode. Fortunately, the difference on throughput obtained by
varying the sample conductivity is not as big as that obtained when varying the electrode
height or the polarizing voltage. The sample conductivity can then be varied across a
wide range of values without paying a significant penalty on the throughput of the device.
The conductivity of the media must be optimized first to prevent breakdown of the cell

membrane and then to facilitate cell sorting using DEP as it will be detailed in chapter 4.
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3.2 Fluido-dynamic char acterization

Since the DEP trapping force must compete with the hydrodynamic drag force to retain
the targeted cells around the electrodes the goal of this section is to estimate the
hydrodynamic drag force by modeling the flow velocity field in a post electrode array.
The hydrodynamic drag force Fgrag Of @ spherical particle is related to the flow velocity
by the Stokes equation

Farag = —6mnrv (3.2

where 7 is the viscosity of the fluid, r is the radius of the particle and v is the flow
velocity. Cells can be approximated as spherical particles. The same geometry used for
the electromagnetic modeling (Fig. 3.1a) is used here but the electromagnetic and fluido-
dynamic simulations are independent from each other. The height of the post e ectrode
array and the channel is 100 um. The channel floor is considered to be flat. Channel walls
and electrode surfaces are assumed to be flat to ssimplify analysis even when experimental
device does show minimal roughness on the mentioned surfaces.

Computational Fluid Dynamics (CFD) simulation was conducted using Fluent 6.3.26
(ANSYS, Inc.). Anaysis was done numerically by solving the Navier-Stokes equation in
a 3D structured grid using an absolute velocity formulation with a relaxation factor of 0.3
for the pressure, density body forces and momentum variables. The problem was solved
in steady condition as a fully developed flow assuming a Newtonian flow with water as a
fluid. No-dlip boundary conditions are imposed on the channel walls and the surface of
the carbon posts. A 3D pressure-based laminar approach was considered with a mass-
flow channel inlet of 1.66667 X 10 kg-s* (equal to a water flow rate of 10 pl-min™*) and

an outflow boundary condition at the outlet. Such condition assumes a zero normal
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gradient for al flow variables except pressure and represents an idealized flow through
channel. Velocity and pressure have been coupled using a standard model that uses a
relationship between velocity and pressure corrections to enforce mass conservation and
to obtain the pressure field. A second order upwind scheme was used for the numerical

discretization of pressure and momentum.

3.2.1 Flow velocity field

The 3D flow velocity field in the electrode array is shown in Fig. 3.7. The flow is
parabolic in 3 dimensions as shown in figures ¢ through f. The flow profile at the cross-
section « indicated in figure d) is shown in figure b). A maximum velocity of 2.08 X 10
m-s* is a the regions furthest away from the electrode and channel surfaces. A
decreasing gradient on flow velocity magnitude is towards the electrode surfaces. The
flow velocity is zero at the surface of the electrodes due to the no-slip boundary condition
imposed in the simulation. The flow velocity in the plane perpendicular to the flow (y-z
plane) is significantly stronger than that in the plane collinear with the flow (x-z plane) as
determined by comparing figures e and f. This is a consequence of the asymmetry of the
electrode array. The gap between posts in the axis collinear with the flow is half of that

between posts in the axis perpendicular to the flow.
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Fig. 3.7 Different views of the flow velocity field established in an el ectrode array when flowing
water at 10 pl-min. &) Isometric view, b) flow profile at the cross-section o indicated in d); c) 3D
view showing the flow profile at the three planes: d) x-y, €) x-z and f) y-z

One advantage of using post electrodes in 3D carbon-DEP devices is the fact that this
geometry does not disturb the laminar flow established in the micro-channel. The flow

pathlines in the electrode array are shown in Fig. 3.8 and show how they remain
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continuous throughout the whole array. Flow turbulence is not introduced in the channel
to prevent physical forces other than the hydrodynamic drag force from competing

against the DEP trapping force.
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Fig. 3.8 Flow pathlines through an electrode array

3.3 Discussion

The impact of electrode height, polarization voltage and sample conductivity on the
volume distribution of different electric field gradient magnitude squared ranges is
described by Figs. 3.9 a, b and c respectively. The maximum throughput of an individual
electrode when trapping 8 um diameter particles, such as the yeast cells used in this work,
can be calculated by adding the volume of al gradient magnitude ranges that lead to

trapping, multiply the addition by 4 since the results shown here are for a quarter of
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electrode and finally dividing the product by the volume of an individual 8 um particle.
The ideal case when no air gaps exist in between the trapped particles is assumed here,
the practical throughput may be slightly less than this result. For example the use of a 70
um tall electrode, a polarizing voltage of 20 V,, and a media conductivity of 100 pS- cm™
yields an approximate maximum throughput of 1 720 yeast cells per electrode if a
minimum gradient of 0.75 X 10™ V%.cm™ is considered to induce trapping (Fig. 3.8a). A
carbon-DEP device featuring a 5 X 160 70 um-high electrode array can thus trap up to
1.36 X 10° yeast cells when using the experimental parameters just detailed. The use of
tall electrodes, high polarization voltage and low sample conductivity is demonstrated to
yield the widest volume to contain cells trapped by positive-DEP. In contrast, the use of
short electrodes, low polarization voltage and high sample conductivities maximizes the
volume for negative-DEP. Fig. 3.9 serves as a guide to optimize the electrode height, the
polarization voltage and sample conductivity to maximize the trapping regions and

increase throughput of carbon-DEP devices.
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The hydrodynamic drag force on cells flowing through the electrode array can be
calculated using equation 2.11 after extracting the flow velocity value at a desired point
from Fig. 3.7. The DEP trapping force is directly proportional to the magnitude of the
electric field gradient shown in Figs. 3.4 to 3.6 for the cases when the electrode height,
polarization voltage and sample conductivity change. A cell will be trapped around the
electrodes as long as the DEP force is stronger than the hydrodynamic drag force. Here
the discussion is on the interaction of the flow velocity and electric fields in the electrode
array. The discussion is based on the results shown in Fig. 3.10. The electric field
gradient (VE) increases towards the surface of the electrodes while the flow velocity
gradient (Vv) decreasees. Therefore, the regions with the strongest electric field gradient
magnitude also feature the less flow velocity. This is extremely advantageous for cell
trapping using positive DEP since the particles are trapped in the regions where the
hydrodynamic drag force is minimal. DEP force requirements, i.e., polarizing voltage
and sample conductivity, could be relaxed in these regions and still achieve a desired
throughput at a given flow rate. On the other hand, the particles repelled from the
electrode surfaces using negative-DEP can be rapidly and efficiently eluted from the
electrode array. This is because the particles are electrically repelled from the regions of
highest eectric field magnitude to those volumes with the strongest flow velocity.
Thanks to the asymmetry of the electrode array presented here (electrode gap is shorter in
one axis than in the other one) it is possible to restrict the cell trapping to regions paralel

to the flow pathlines to minimally disturb the laminar flow.
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The use of taller channels proves beneficia to increase the flow rate in the channel while
keeping the flow velocity constant. The continuity equation establishes that the mass flow
rate Q in a micro-channel equals the product of the flow velocity v and the cross-section
area A of the channel (Q = v-A). The cross-section area of the channel can be increased
by fabricating taller channels. Taller, rather than wider, channels are desired to maintain a
small footprint of the DEP chips. The flow rate in the channel can then be increased to

process a given sample volume in a shorter period of time but the flow velocity, and the
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hydrodynamic drag force, is kept constant. This translates into more rapid cell sorting

without sacrificing throughput.
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CHAPTER 4. Cdll sorting using car bon-electrode DEP

The details on the experimental work performed to sort different kinds of cells using
carbon-DEP devices are presented in this chapter. Previous experimental work on the use
of carbon micro electrodes for DEP only includes a basic proof-of-concept by Park and
Madou ?** where they clustered latex particles in between a 2 X 2 eectrode array using
negative-DEP. The manipulation of biological cells using carbon-electrode DEP is
demonstrated here.

This chapter starts with general guidelines on how to optimize two important aspects that
must be considered during experimentation: cell membrane breakdown and cell
suspending media. Electrical loading of the cell causes a stress on the membrane which
can compromise the viability of the cell if it is strong enough. The media must support
cell viability for long periods of time and exhibit dielectric properties that represent an
advantage in DEP, i.e, low conductivity. Therefore, the media must be optimized in
terms of its pH, osmolarity, conductivity and presence of nutrients. The different
experimental samples used in this work are detailed in the second section of this chapter.
The sample parameters detailed include type of particle, concentration of particle
populations and the composition and conductivity of the suspending media. The DEP
models of all the experimental samples are also presented. The third section details the
experimental validation of cell manipulation using carbon-DEP. An experimental
platform featuring a syringe pump is used in this chapter only to allow for the
visualization of the behavior of different cells under DEP forces since the experimental
platform featuring centrifugal microfluidics did not allow to do so. The syringe pump and

a variety of fluidic interconnects are eliminated after the integration of DEP with
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centrifugal microfluidics. Such integration is detailed in the next chapter. Different DEP
functions are demonstrated in this chapter and include filtering and cell focusing using
positive-DEP. The screening of other biologicaly relevant cells such as E.coli and

Drosophila melanogaster is presented at the end of the chapter.

4.1 Experimental Considerations

4.1.1 Cell membrane breakdown

Every cdl is enclosed by a plasma membrane. This lipid bi-layer structure is extremely
thin (4-10 nm in thickness) and has a large collection of proteins embedded in it (Fig.
4.1). Transport of ions through the membrane is highly regulated by trans-membrane
channel proteins, for example the sodium-potasium exchange pump, and under normal
circumstances the membrane can be regarded as highly non-conducting. For example, the
membrane conductivity of yeast cells has been calculated to be 2.5 X 10° Sm™ % The
application of large direct current (DC) or low-frequency aternative current (AC) electric
fields to a cell induces a large potential drop across the plasma membrane which can
cause dielectric breakdown, membrane rupture and a significant increase on membrane
conductivity. The length of the electric field pulse is also important; longer times lead to
amore rapid cell death. Membrane breakdown may also be referred to as electroporation
or electropermeabilization. Although the rupturing of the membrane can cause cell death
it can aso be optimized to introduce different agents such as DNA, enzymes and
antibodies into the cell or to create new hybrids by electrofusion 2®. The goa of this

section is to study the effect of media conductivity and electric field magnitude and
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frequency on the membrane potential of yeast cells. It has previously been shown that
breakdown occurs when the potential is above a threshold value which is specific to a
kind of cell but usualy is between 0.4 and 1 V *°. For example, the maximum potential
for neurons is only 0.4 V ?7. Therefore, the DEP experimental conditions must be
optimized to prevent cell breakdown. Although the study is specific to yeast cells the

methodology can be used for many other cell types.
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Fig. 4.1 A cross-section of a cell membrane. This figure is shown here from Wikipedia.com under a
public domain license. The original author is LadyofHats Mariana Ruiz

The membrane potential V, of a spherical particle under an AC electric field can be

calculated as *®
1.5Ercos«
i = eawo D

where r is the radius of the particle, E and f are the magnitude and frequency of the
electric field respectively and a is the angle between the field line and a normal from the
center of the particle to a point of interest on the membrane. In this work o equals 0° to
account for maximal trans-membrane potential. The time constant t of the membrane is
given by
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T=T‘Cmem< LRI ) (4.2)

Ocyto  20media

where Cen IS the capacitance of the membrane, oo IS the conductivity of the cytoplasm
and omedia 1S the conductivity of the suspending media. Equation 4.1 assumes that the
membrane conductivity can be neglected, the membrane thickness is much smaller than
the cell radius and that the induced membrane potential is sufficiently high to neglect the
resting membrane potential (the relatively static membrane potential of quiescent cells)
27 The values of the different parameters used in this study are resumed in Table 4.1.
The membrane potential as a function of electric field magnitude and frequency for three
different conductivitiesis shown in Fig. 4.2 as obtained using equation 4.1.

Table 4.1 Parameters used to calculate membrane potential on yeast cells

r 4 um
Crrem 0.011 F-m?
Ooyto 0.2 Sm?
Grredia 0.001-0.1 Sm?

E 25X 10°-25X 10° | Vv-m?

f 1X 10°-1X 10’ Hz

The membrane potential is directly proportional to the conductivity of the media and the
magnitude of the electric field but inversely proportional to the frequency of the field. In
the case of yeat cells immersed in a media with conductivity less than 0.001 S-m™ (Dl
water) an electric field with magnitude as high as 2 X 10° V-m™ and frequency down to
10 kHz can be applied without inducing membrane breakdown. However, the frequency
of the field must be increased to 100 kHz if the electric field magnitude is more than 1 X
10° V-m™ (Fig. 4.2a). If the conductivity of the media is increased to 0.01 S-m™ (100

uS-cm™) the maximum electric field magnitude that can be applied a 10 kHz decreases
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to around 6 X 10 V-m™. A field magnitude higher than 1 X 10° V-m™ may be used only

if the frequency is higher than 1 MHz (Fig. 4.2b).
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The use of a media with even higher conductivity, for example 0.1 S-‘m™, makes it
necessary to use fields with frequency as high as 10 MHz to prevent membrane
breakdown when the magnitude of the field is around 1 X 10° V-m™. Field frequencies
less than 10 kHz may only be used if the electric field magnitude is below 6 X10* V-m™
(Fig. 4.2c). In generd, the use of a suspending media with low conductivity and an
electric field featuring a low magnitude and high frequency is desired to prevent cell
membrane breakdown.

The distribution of the electric field magnitude created in a sample volume using
different polarizing voltages and sample conductivities was calculated using COM SOL
Multi-physics following the methodology detailed in chapter 3, section 3.1. The change
in volume of regions featuring an electric field value within specific ranges was
caculated as electrode height, polarizing voltage and sample conductivity change
following the methodology presented in section 3.1. The results are presented in Fig. 4.3.
Figs. 4.2 and 4.3 must be used together to determine experimental parameters such as
frequency of the electric field, the polarizing voltage and the sample conductivity to
prevent membrane breakdown during DEP experiments. The volume of those regions
with an electric field value capable to cause membrane breakdown must be minimized by
optimizing sample parameters. Electroporation is not desired during DEP-assisted cell
sorting because the viability of the processed cells must not be compromised.

The use of 70 um high electrodes may yield better results than 100 um ones if the cells to
be manipulated are sensitive to electric field magnitudes higher than 5 000 V-cm™ and
the polarizing voltage and sample conductivity are maintained constant (see Fig. 4.3a).

Electroporation studies may benefit from the use of 40 V, polarizing voltages to
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maximize the volume with electric field magnitude higher than 7500 V-cm™. DEP
applications may find this polarizing voltage too high to guarantee cell viability and
polarizing voltages less than 20 V,, may be required. Even though the use of low
conductive media increases the volume for positive-DEP, it is often required to use
conductive buffers during DEP experiments to maintain a balance in osmolarity between
the cell interior and the suspending media (details on section 4.1.2).

An example on the utility of Figs. 4.2 and 4.3 follows. Figure 4.4 is used in this example
and combines Figure 4.3b, which shows how the volume distribution of different ranges
of electric field magnitude changes as the polarizing voltage is increased and the sample
conductivity is 0.01 S'm™. The change on membrane potential depending on sample
conductivity and electric field frequency when the field magnitude equals 7.5 X 10°
V-m® is shown in Fig. 4.4b. Here it is arbitrarily assummed that electric fields with
magnitude higher than 7.5 X 10° V-m™ are enough to electroporate a given cell. After
inspection of Fig. 4.4ait is observed that the use of a polarizing voltage of 40 V, creates
a volume around an electrode with eectric field magnitude higher than 7.5 X 10°
V-m' (gray square at the bottom right). This volume is wide enough to contain
approximately 750 cells (if the cell features a 8 um diameter) which are at risk of
membrane breakdown unless the field frequency is above a threshold vaue. Fig. 4.4b
must then be used to determine such vaue. Frequencies higher than 500 000 kHz are

required if the sample conductivity is 0.01 S-m™* (dotted line).
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4.1.2 Theimportance of the suspending media in DEP experiments

The suspending media is perhaps the most important parameter to optimize in DEP
applications involving cells. The use of low conductive media was just demonstrated to
minimize the risk of membrane breakdown. Moreover, if the mediais too conductive cell
trapping using positive-DEP becomes impossible since negative-DEP will be induced in
all cells contained in the sample. Low conductive media usually allows for both positive-
and negative-DEP depending on the frequency of the field. This is because the complex
permittivity of the cell can be higher or lower than that of the media (assuming a water-
based media) which makes the Clausius-Mossotti factor (equation 1.2) positive or
negative a a given field frequency. More details on the DEP behavior of yeast cells at
different frequencies and different media conductivities are discussed below in section
4.2.1. Joule heating, aso known as ohmic or resistive heating, also increases with media
conductivity and can be detrimental to cell viability. The rise on temperature in the
media is proportional to the electric current flowing through it which is directly
proportional to the media conductivity. Up to this point the use of DI water as
experimental media appears to be the idea solution. However, other parameters such as
osmolarity (or osmolality), pH and presence of nutrients must be taken into account to
guarantee optimal cell support.

DI water lacks any nutrients and its solute and ion concentration is far below that of a cell
cytoplasm. It also features a pH of approximately 4. For these reasons, a DEP
experimental media features a buffer with nutrients dissolved at specific ratios. A buffer
IS an aqueous solution consisting of a mixture of a weak acid and its conjugate base or a

weak base and its conjugated acid. Buffers are used to keep the pH at a nearly constant
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value to guarantee survival of agiven cell. Several buffers with apH vaue between 6 and
8 exist since a pH within this range allows cells to thrive. Mammalian cells benefit from
pH values between 7 and 7.5. Buffers used in DEP include Phosphate Buffered Saline or
PBS (pH=7.4) and RPM| 1640 (pH=6.9-7.2). Some of Good's buffers'® such as HEPES
(pH=7.5) and BES (pH=7.15) have become staples in modern biology laboratories and
are used in DEP as well. The use of a low conductive buffer is beneficial to achieve
positive-DEP of a given cell. Unfortunately, the conductivity of some buffers prohibits
their use in positive-DEP applications. Therefore, a DI water-based nutrient solution can
be used to dilute a buffer to adjust pH and conductivity of the experimental sample. The
conductivity of selected buffersis resumed in Table 4.2. Good's buffers, denoted with an
asterisk in the table, typically feature very low conductivity values. The conductivity of
the buffer depends on the concentration of the solute as illustrated in the case of peptone
water solutions. A good review on the conductivity values of alternative buffers for DEP

isthat by Arnold %

19 Good’s buffers are buffering agents selected and described by Norman E. Good and
colleagues in 1966 %°® Good, N. E., Winget, G. D., Winter, W., Connolly, T. N., Izawa, S.,
and Singh, R. M. M., Hydrogen lon Buffers for Biological Research, Biochemistry 5 (2),
467-477, 1966.. The buffers were selected in terms of 1) pH to support biological
reactions (pH 6-8); 2) excellent solubility in water and low solubility in non polar solvents
to ease handling and prevent the buffer from accumulating in cell membranes and other
cell compartments; 3) membrane impermeability to prevent the buffer from passing
through cell membranes; 4) minimal salt effect since highly ionic buffers may cause
problems or complications in some biological systems; 5) well-behaved cation interactions
to assure the complexes formed after the interaction of the buffer with cationic ligands
remain soluble; 6) stability to resist enzymatic and non-enzymatic degradation; 7) optical
absorbance to prevent the use of buffers that absorb visible or UV light which may
interfere with spectrophotometric assay and 8) ease of preparation to reduce the costs
related to the preparation and purification of the buffer. The buffers are currently (2010)
known as: BES, BICINE, CAPS, EPPS, HEPES, MES, MOPS, PIPES, TAPS, TES and
TRICINE.
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Table 4.2 Conductivity values of selected buffers

Media c
(uS-cm?)

RPMI 1640 14590
Phosphate solution 13830
NaCl solution 9 g/l 11640
Ringer 1/4 3780
Sabouraud Broth 30 g/l 1369
Peptone water 10 g/l 1053
Peptone water 8 g/l 918
Peptone water 6 g/l 605
Peptone water 4 g/l 484
Peptone water 2 g/l 189
HEPES* 0.2M pH 5 140
BES* 0.31 M 135.4
HEPES* 0.31 M 65.4
MOPS* 0.31 M 46

*Denotes a Good's buffer
Nutrients are added to the buffer to mainly provide the cells with an energy source and
growth factors. In the case of DEP the addition of growth factors is usually omitted and
only sugars such as glucose, dextrose or sucrose are added as energy source. These
solutes are added at a ratio to obtain optimal osmolality. The optimal osmolality for
mammalian cells ranges between 260 and 350 mOsm/kg. Osmolality relates to osmolarity
in that osmolality is the solute osmotic concentration per mass (Osm/kg) whereas
osmolarity is per volume. Osmolarity is the measure of solute concentration, defined as
the number of osmoles (Osm) of solute per liter of solution and is measured in Osm/L
(read as “osmolar”). Osmolarity (and osmolality) relates to the more familiar term of
molarity (M) in that osmolarity (and osmolality) measures moles of solute particles and
molarity measures moles of solute. This distinction arises because some compounds
dissociate in solution but others do not. For example, the readily dissociation of sodium
chloridein Na" and Cl" ions yields 2 osmoles (Osm) of solute particles per mole of solute.
Nonionic compounds such as sugars do not dissociate in solution and 1 mole of solute

yields 1 osmole of solute. Selected examples of DEP experimental media and the
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application they were used for are shown in Table 4.3. The use of DI water as suspending
media is possible when working with microorganisms such as yeast and bacteria since
they feature a cell wall that makes them more robust than mammalian cells. The use of a
water-based solution featuring 8.3 wt% sucrose and 0.3 wt% dextrose yields an
isoosmotic solution that has been used in the separation of severa mammalian cells using
DEP. The conductivity of the solution can then be adjusted by adding a specific amount

of buffer such as RPMI 1640
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Media

and frequency

Table 4.3 Selected examples of DEP experimental media and their application
Polarizing voltage

Electrode
material and

type of DEP
trap

250 mM sucrose. Adjust 8Vpp,
conductivity using 1640 A2 neurons 4.7 MHz (pDEP) platinum
RPMI 300 kHz (nDEP) planar 4
0.4 M phosphate buffer 2Vpp concentric
saline (PBS) .607 Glia cells 152 kHz (pDEP)
14.8 kHz (nDEP)
Bovine
pulmonary
300 mOsm sucrose, 1% not arteria 5V gold planar
calf serum (sucrose reported | endothelial 2MHz (pDEP) | (fibronectin- | #°
media) cells covered)
NIH/3T3
fibroblasts
U-937 gold planar
Cytocon Il Buffer human 0.8Vrms (deflection
(Evotec Technologies 3 lymphoma 500 kHz (nDEP) | electrodeson 5
Gmbh, Germany) cells top and
bottom)
10Vpp gold planar
DI water 0.001 E.coli 10 MHz (pDEP), | interdigitated | **
500 kHz (nDEP) castellated
8.5% sucrose, 3 mg/ml 5Vpp gold planar
dextrose and 0.7 mM .01 HL-60 200 kHz (pDEP) | interdigitated | °
hemisodium EDTA castellated
PBS+DI water, 25Vpp doped silicon
conductivity adjusted 0.005 yeast 20-100 kHz 3D serrated a4
using NaOH (pDEP)
8.5% sucrose, 0.3% Erythrocytes’ 5Vpp gold planar
dextrose and RPMI 1640 | 0.02- 200 kHz (NDEP) | interdigitated | %
to adjust conductivity 0.055 | Erythrocytes 5Vpp castellated
(group “O") | 200 kHz (pDEP)
320 mM sucrose, 2 3Vrms gold planar
mg/ml dextrose, NaCl .002 DS19® 1 kHz (nDEP) interdigitated | 2
solution to adjust 100 kHz (pDEP) castellated
conductivity
DI water 0.00008 | Micrococcus
luteus gold planar
240 mM glycine, 460 Festuca 8 Vpp interdigitated | 2
mM mannitol in DI .00124 | arundinacea 1 MHz (pDEP) castellated
water
8.5% sucrose, 0.3% Mouse fetal- 8V gold planar
glucose, 0.725% (v/v) .015 derived 1MHz, (pDEP) | interdigitated | 2*°
RPMI NSPC* <50 kHz (nDEP)
320 mM sucrose, 3 6 Vpp gold planar
mg/ml glucose 0.001 CD34+ >50 kHz (pDEP) | interdigitated | ™
5 kHz (nDEP) castellated

Notes: { infected with drug resistant Plasmodium falciparum (malaria)
§ Friend murine erythroleukaemia
A Neural stem-precursor cell
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4.2 Experimental samples

Most of the samples used in this work feature yeast cells (S cerevisiae) and 8 um
diameter latex particles (Duke Scientific, now part of Thermo Fisher Scientific). Thisis
to accelerate the demonstration of the engineering behind the development of carbon-
DEP devices and their integration in a centrifugal microfluidics platform. Y east cells and
latex particles have been widely used in DEP and their dielectric properties are well
characterized **°?!", The characteristics of al the experimental samples used in this
work are detailed in Table 4.4. The application of carbon-DEP in the sorting of other
biologicaly relevant cells is demonstrated when using the E.coli and Drosophila
experimental samples. The pH of these samples was 7.08 and 6.485 respectively.

Y east cells were obtained by dissolving 200 mg of Yeast (S cerevisiae, Sigma-Aldrich)
in 10 ml sterile YPD medium (MP Biomedicals) or 3 wt% Sabouraud broth and
incubated aerobically at 30°C with 150-250 RPM rotation for 18 hours. This culture was
then diluted into 100 ml of the equivalent media and incubated as before for a further 24
hours. E. coli 5K cells were grown overnight in 10 ml Luria-Bertani (LB) broth at 37 °C.
Drosophila melanogaster S2 cells were grown overnight at room temperature and dark
conditions in 10 ml of Schneider’s media (Invitrogen, Carlsbad, CA) complemented with
10% fetal caf sera (FCS). Bacteriological Peptone Enzymatic Hydrolysate (peptone),
Bovine Serum Albumin (BSA), dextrose and sucrose were obtained from Sigma-Aldrich.

Experimental samples for DEP were obtained by peleting the appropriate cell culture (s.
cerevisiae, e. coli or drosophila) using centrifugation at 3000-5000 x g for 5-10 minutes
and re-suspending the cells in experimental media. The sample was then diluted using

experimental media until the desired cell concentration was reached. A similar procedure
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was followed to obtain a solution of latex particles. This solution was later mixed at
specific ratios with the cell dilution to obtain experimental samples 2-stage and
spinDEPL. The ratio of viable to non viable cells varied in al samples since heat
treatment was not used to render cells non viable. However, yeast cells were suspended in
DI water in the 2-stage sample which rendered most of the cells non viable. The particle
concentration in all experimental sampleswas set within 10° to 10 particles per milliliter.
The use of this concentration was observed to prevent the saturation of the carbon
electrode array. The conductivity of all media was kept at low levels to alow for the
manipulation of cells using positive-DEP as will be illustrated in the next section. The
use of BSA in the experimental media gives a significant advantage in that BSA prevents
cell adhesion to the surfaces of the carbon-DEP device. This prevents a decrease in

sorting efficiency due to non specific trapping.
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Table 4.4 Experimental samples used in this work. Different conductivity meters (Oakton CON510
Series or Corning 441) were used to obtain the conductivity of the samples. The cell concentration
was determined by direct counting using an hemocytometer set featuring a Neubauer ruling (Hausser
Scientific).

Particles Media Concentration and
(pS cm?) | percentage composition

Proof Yeast cells 1 part 3 wt% 147.7 8 X 10’ cell per ml.
concept (S cerevisiae) Sabouraud broth Percentage composition
to 9 parts DI not determined
water
Filter efficiency Yeast cells 0.6 Wt% 510" 5.1 X 10" cells per ml.
(S cerevisiae) peptone Percentage composition
water varied
2-stage filter Yeast cells 8 2 X 10° particles’ per ml
(S cerevisiae) + DI water 91.3% yeast cells
8 um-diameter 8.7% latex particles
latex particles
spinDEP1 Yeast cells 0.1 wit% 31.2 2.65 X 10° particles' per
(S cerevisiae) + BSAS ml 40% yeast cells
8 um-diameter solution 60% latex particles
latex particles
SpinDEP2 Yeast cells 0.2 wt% 189.4 4.2 X 10° cells per ml
(S cerevisiae) peptone Percentage composition
water varied
E.coli Escherichia coli 0.6 Wt% 900" ~10° cells per ml
5K peptone Cell viability not
water determined
Drosophila Drosophila &2 0.1% BSA 60 5X 10° cells per ml
8.6% sucrose Cell viahility not
0.3%dextrose determined

Notes: *The difference in conductivity between these two solutions of 0.6 wt% peptone is
attributed to the use of different sources of DI water and human error during the weighting of

peptone powder

Tthe term particles in this case denotes yeast cells and latex particles

8 BSA stands for Bovine Serum Albumin
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4.2.1 DEP modeling of the experimental samples

The dielectric characterization of experimental samples containing yeast cells (and latex
particles when applicable) is performed using Mathematica 5.2 for students (Worlfram
Research Inc., Champaign, IL). The real part of the Clausius-Mossotti factor for different
experimental media is shown in Fig. 4.5 as a function of the frequency of the applied
electric field. Yeast cells, both viable and non viable, are modeled as two-shell particles
using the dielectric parameters derived by Huang, et a * and following the approach
described in the same reference. The one-shell model is used for the latex particles

218,219

following the work by Morgan and colleagues and accepting a surface

conductance, Ks, of 1.3 nS based on the particle diameter of 8 pm 2,

The shell-model was detailed in chapter 1. Yeast cells, and most micro organisms and
plant cells, are modeled as two-shell particles because they feature a cell wall around
their membrane. A mammalian cell is often modeled as a one-shell particle because the
inner sphere, the cytoplasm, is only surrounded by one shell, the membrane. The
cytoplasm of al living cells can be approximated as a highly conductive salt solution
with a large concentration of dissolved organic material (for example yeast cytoplasm

conductivity is 0.2 Sm™* %

). Even when latex particles are homogeneous, they are
modeled as a one-shell particle due to the electrical double layer forming at the interface

of the latex particle and the suspending media.
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Fig. 4.5 The real part of the Clausius-Mossotti factor depending on frequency for some of the
experimental samples used in this work: a) Proof of concept, b) Filter efficiency, c) 2-stage, d)
spinDEP1 and €) spinDEP2. The sample conductivities are a) 147.7, b) 510, c) 8, d) 31.2 and 189
uS-cm-1. Further details on the experimental samples are shown in Table 4.5

164



The use of electric field frequencies within the range 1-10 MHz always leads to positive-
DEP manipulation of viable yeast cellsin al the experimental samples. This range can be
expanded down to 100 kHz when the conductivity of the mediais less than 130 pS-cm™.
Non viable yeast can only be manipulated using positive-DEP at frequencies below 1
MHz and only when the conductivity of the mediais less than around 31.2 pS-cm™. The
magnitude of positive values of Re[fcm] induced on a particle at a given frequency
decreases as the media conductivity increases as illustrated in Fig. 4.6. At low
conductivities both viable and non viable yeast can be manipulated using either positive-
or negative-DEP. At very high conductivities (>1500 pS-cm™) or very high frequencies
(>50 MHz) both viable and non viable cells can only be manipulated using negative-DEP
(Fig. 4.6a). The 8 um diameter latex particles used in this work are under a negative-DEP
force across the whole frequency range and at all conductivity values. Positive-DEP of
latex particles is only possible when the particle diameter is less than around 5 pm and
the media conductivity is less than around 70 pS-cm™ as illustrated in Fig. 4.6b. In these
cases the conductive double layer at the latex-media interface is bigger than the bulk of

the particle and the particle can exhibit conductive properties %
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4.3 Experimental validation of carbon-DEP

4.3.1 Test platform featuring a syringe pump

The purpose of this work is to make a DEP experimenta platform more portable and
robust by replacing a syringe pump and fluidic interconnects with self-contained
centrifugal microfluidics. However, an experimental platform featuring a syringe pump is
first used here to visually characterize the DEP behavior of the particles contained in the
different experimental samples and to validate different carbon-DEP designs. This
characterization and validation could be done using a centrifuga platform by quantifying
the change in concentration of targeted cells (those that were expected to be trapped) at
the outlet of the channel as the frequency and voltage of the sinusoidal signal polarizing
the electrode array varies. For example, the concentration of yeast cells at the outlet of
the channel will be less when using a frequency of 20 MHz than when using a frequency
of 100 kHz. At 20 MHz yeast cells experience negative-DEP while at 100 kHz they
experience positive-DEP (Fig. 4.5a). However, visua validation using the syringe pump
platform is significantly more rapid and less expensive than the process just described.
This is because an experimental platform featuring a stationary syringe pump is easy to
interface to a visualization module, i.e., a microscope. The visualization of particlesin a
moving centrifugal platform is challenging due to the high spin speeds that are usually
required to make a sample flow in the carbon-DEP chips. Expensive objective lenses with
long working distance and ultra-fast image acquisition systems are likely to be required
in this case. Therefore, the experimental samples and carbon-DEP designs are first
characterized using a syringe pump platform and then used with the carbon-DEP modules

integrated in the rotating platform to be detailed in chapter 5.
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The first experimental setup used in this work is shown in Fig. 4.7. A syringe pump
(KDS101, KD cientific or PHD2000, Harvard Apparatus) is used to control the flow
rate at which the experimental sampleisinjected into the carbon-DEP device. The sample
is continuously stirred during the experiments thanks to the interaction between a tiny
magnet contained in the syringe and an external magnet manipulated manually. The
interface between the syringe and 1/16” OD (outside diameter) tubing is made using a
female luer to 10-32 female connector and 10-32 fittings (Upchurch scientific P-629 and
F-120 respectively) or a connector fabricated in-house which has been previously
detailed by this author in. A combination of tubing, valves and Y -connectors (Upchurch
Scientific parts 1522, P-782 and P-512 respectively) is used to route the sample and wash
mediainto the chip. A function generator (Agilent 33250A or Stanford Research Systems
DS345) is used to create the sinusoidal signal (with magnitude 10 V peak-to-peak and
different frequencies detailed below) required to polarize the carbon electrode array. The
carbon-DEP device is mounted on a microscope stage (Zeiss AX10 Imager Alm, Carl
Zeiss, MOTIC PSM1000 or Nikon ECLIPSE LV100) and the €electrode array and
particles in the experimental sample are observed in a brightfield using a 5X, 10x or 20X
objective lens. A 10X eyepiece was featured in all the microscopes used here. Images are
recorded using a computer-controlled CCD camera (Photonfocus MV-D640C-3, Costar
Imaging SI-C400N or RTKe Diagnostic Instruments SPOT #7.4Slider) attached to the
microscope. The outlet of the carbon-DEP device is connected to different collecting
tubes using FEP Teflon® tubing (Upchurch Scientific 1522). The fluidic system from the

syringe outlets to the collecting tubes inlets expands an approximate volume of 240 pl.
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Fig. 4.7 DEP experimental platform using a syringe pump

4.3.2 Proof of concept

The use of carbon electrodes for the dielectrophoretic manipulation of yeast cells was
demonstrated using a single quadrapolar trap implemented with planar wedge € ectrodes.
The DEP trap is shown in Fig. 4.8a. Fabrication details are given in Table 2.7 in Chapter
2. The experimental sample used is described in the row Proof of concept in Table 4.5.
The DEP behavior of viable and non viable yeast when suspended in a media with
conductivity of 147.7 uS-cm™ is shown in Fig. 4.5a A polarizing voltage of 20 Vpp Was
used here. A frequency of 1 MHz was used to attract the viable yeast cells to the
electrodes (positive-DEP) as shown in Fig. 4.8b. A frequency of 20 kHz was used to
concentrate the yeast cells in between the electrodes (negative-DEP) as illustrated in Fig.

4.8c.
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MTTT A

Fig. 4.8 DEP manipulation of yeast cells using a ) quadrapolar trap implemented with planar
carbon electrodes. b) yeast cells attracted to the edge of the electrodes by positive-DEP (dashed
ellipses). c) yeast cells clustered in between electrodes by negative-DEP (solid oval)

4.3.3 Filter

This module was used to experimentaly demonstrate how the use of 3D electrodes
improves the throughput and efficiency of a DEP-assisted filter. Independent similar
carbon-DEP devices but featuring 2D or 3D electrodes were used to filter viable cells out
from a mix of viable and non viable yeast cells. The fabrication process of these
experimental modulesis detailed in columns 2D and 3D in Table 2.7. Briefly, 5.6 (2D) or

60 (3D) um-high electrodes are contained in a 66 um-high channel (Fig. 4.9a). The
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experimental sample is detailed in Table 4.5 under the ID Filter efficiency. Y east cells are
suspended in diluted 3 wt% Sabouraud broth to obtain a media conductivity of 510
uS-cm™. The DEP behavior of both viable and non viable yeast cells under this condition
isshown in Fig. 4.5b. A sinusoidal signal of magnitude 10 Vpp and frequency 10 MHz is
used to polarize both electrode arrays (2D and 3D). Viable yeast cells are expected to be
trapped around the electrodes while non viable yeast cells are expected to flow through
the electrode array. The retention efficiency of both 2D and 3D electrodes is shown in
Fig. 4.9b as the sample flow rate isincreased. The retention efficiency is calculated as the
ratio of the quantity of the targeted particles (viable cells) retained by the filter to the
guantity entering the filter. The number of viable and non viable cells present in the
sample before and after the DEP experiment is determined by direct counting using a
hemocytometer kit (Hausser scientific) featuring a Neubauer ruling to aid in the count. A
trypan blue exclusion assay was used to determine cell viability. A filter efficiency of 1
denotes trapping of all targeted particles and is obtained here using the 3D electrodes as
long as the sample is flowed at rates below 3 pl-min™. The filter efficiency is higher at
all flow rates when using the 3D electrode array which allows for a greater enrichment of
the non viable yeast cells at the channel outlet. In both cases, 2D and 3D, the retention
efficiency decreases as the flow rate in the channel increases. However, the decrease in
efficiency at any given flow rate when using the 3D electrode array is far less than that
obtained when using 2D electrodes. The decrease in trapping efficiency as the flow rate
in the channel increases is qualitatively demonstrated in Fig. 4.9c. A 3D electrode array is
shown to trap a decreasing amount of yeast cells as the flow rate increases from 10 to 20

pl-min™.
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depending on flow rate for both 2D and 3D filters and c) visual validation of the decrease in trapping

efficiency as flow rate increases when using a 3D filter
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4.3.4 Multi-stage filter

A genera schematic of a multi-stage filter is presented in Fig. 4.10. Different electrode
array geometries are positioned inside a micro channel. The array geometries can feature
different electrode shapes, sizes and gaps in between them. Each array can be polarized
with a different signa or more than one array can be polarized with the same signal. The
goa of this system is to selectively trap different targeted particles in different arrays.
The arrays can then be sequentialy turned off to methodically release and collect one

particle population at atime.

Multi-frequency
Generators

Sample Out

Sample In

Detailed View of Multi-stage CarbonDEP Filter

Fig. 4.10 A general schematic of a multi-stage filter
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A 2-stage filter is implemented here. The carbon-DEP device was fabricated as detailed
in the column 2-stage in Table 2.7. The experimental sample is detailed in the row 2-
stage in Table 4.4. Briefly, yeast cells and latex particles are suspended in DI water.
Therefore, most of the yeast cells are rendered non viable. The dielectric characterization
of the experimental sample is shown in Fig. 4.5c. Up to 3 ml of a 0.5 wt% Bovine Serum
Albumin (BSA) solution were flowed through the carbon-DEP chip prior to all
experiments. This was to block all surfaces and prevent yeast cells from adhering to
them. All experiments began by flushing the channel clean using DI water. A sample
volume of 45 pl was then flowed in using a constant flow rate (10, 20 and 40 pl-min'™).
The first electrode array in the path of the sample was polarized using a5 MHz, 10 V,
sinusoidal signal to trap viable yeast cells. The second array was polarized by a 10 Vy,
500 kHz signal to trap both viable and non viable yeast. It is assumed that most of the
viable cells are trapped in the first array. Latex particles are never trapped and are
collected at the channel outlet. The results are shown in Fig. 4.11 when flowing the
experimental sample over the electrode arrays at arate of 10 pl-min™. Viable yeast cells
are trapped in the array on the left while non viable cells are trapped in that on the right.
The sharp difference on the number of cells trapped in each array is due to the fact that
most yeast cells are rendered non viable upon suspension in DI water. The array on the
right can be turned off first to release and collect non viable cells. The array on the left
can be turned off last to release and collect viable cells. Three different populations:

latex, non viable and viable yeast cells are then separated.
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Fig. 4.11 Trapping of viable (solid ellipse) and non viable yeast cells (dashed square) in different
electrode arrays (A and B) using a 2-stage carbon-DEP filter

The capability of a 2-stage carbon-DEP filter to separate 3 different particle populations
has been qualitatively demonstrated. However such separation can also be readily
achieved by a single electrode array polarized at different frequencies at different times.
The power of the proposed 2-stage filter becomes significant when separating a mix of
particles featuring the DEP behavior shown in Fig. 4.12. The polarization of the first
electrode array encountered by the incoming particle mix using afrequency A enablesthe
trapping of Particle 1 and 3. The second array is polarized at a frequency B to trap
Particle 1 and 2. Particle 4 is repelled from both electrode arrays regardless of the
polarizing frequency. At this point Particle 3 is trapped in the first array, Particle 2 is
trapped in the second array, Particle 1 is trapped in both arrays and Particle 4 is retrieved
a the channel outlet. Changing the frequency applied to the second array from B to A
results in the release of Particle 2 which can be collected at the channel outlet. The next
step is to change the polarizing frequency of both arrays from A to B to release and
collect Particle 3. The final step isto turn off al electrodes to release and collect Particle

1. A sample with these characteristics may be found when purifying biological cells or
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micro organisms from ceramic and/or metallic particles and optimizing the conductivity

of the suspending media
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Fig. 4.12 A theoretical particle mix to demonstrate the potential of a 2-stage filter

4.3.5 Cell focusing using positive-DEP

A similar device to that used in the Filter module above is used here to demonstrate cell
focusing using positive-DEP. Few authors have demonstrated cell focusing using
positive-DEP #*. In contrast, cell focusing using negative-DEP is a common methodol ogy
for cell sorting where targeted particles are repelled to regions with the less electric field
magnitude and aligned in characteristic lines (Renaud liquid el ectrodes, Wang Lee |ateral
flow electrodes). These characteristic lines remain through the length of a micro channel
due to the laminar nature of the flow.

The experimental sample used in this work is described under ID Filter efficiency in

Table 4.4. Its DEP characterization is shown in Fig. 4.5b. The electrode array is polarized
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using a 10 Vpp, 10 MHz sinusoidal signal to attract yeast cells to the surface of the
electrodes. The sample flow rate is 5 pl-min™. Under these conditions yeast cells are
attracted to the surface of the electrodes but are eluted in a direction co-linear with the
positive-DEP regions in the electrode array. The principle works when the hydrodynamic
force dightly overcomes the positive-DEP trapping force. The yeast cells flow away
along those pathlines co-linear with the rows of polarized electrodes (positive-DEP
regions) as shown in Fig. 4.13. This is because laminar flow is established in the channel
and the flow pathlines are minimally disturbed by the post array geometry (details in
chapter 3, section 3.2). Particles undergoing negative-DEP can also be focused into
characteristic lines between the electrodes. Retrieval geometries such as a 3D funnel can
be fabricated around each of these characteristic lines to retrieve sorted particles. The use
of a 3D electrode array completely contained in the channel allows for the creation of
several simultaneous streams of sorted cells. This compares advantageously to the use of
3D electrodes positioned only on the channel walls % where only one (using negative-
DEP) or two (using positive-DEP) streams can be created.

The experimental module presented here allows for continuous cell sorting using
simultaneous positive- and negative-DEP focusing. A high flow rate can be used during
sorting since trapping is not required. This can significantly improve the throughput of

current carbon-DEP devices.
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Fig. 4.13 Yeast cells focused into characteristic lines using positive-DEP

4.3.6 Céll screening

E.coli

Previous studies with E. coli 5K strain and planar metal electrodes showed that the
creation of an electric field gradient using sinusoidal signals with frequencies in the
vicinity of 10 MHz result in positive-DEP whereas frequencies below 500 kHz resulted
in negative DEP %%, Part of this data is confirmed here using 3D carbon-DEP. An E. coli
suspension (detailed as E.coli in Table 4.4) in peptone water (10° cells-ml™) was flowed
over the electrode array at 1 pl-mint when the carbon electrodes were polarized by a
sinusoidal signal of the specified frequency, ranging from 100 kHz to 30 MHz (Table
4.5). The experiment time at each frequency tested was 1 min, after which the electrodes
were turned off and trapping was assessed visually under the microscope. Trapping could
be confirmed because of the large number of cells appearing at the exit of the electrode
array when electrodes were switched off. The relative degree of trapping at a given

frequency was determined by qualitatively comparing the cell concentration at the exit of
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the array in each case. Positive-DEP could not be determined by only assessing single
cell trapping on the surface of the electrodes because of the small size of E. coli (~1 pm
diameter) and the fact that high magnification objectives (>10X) featured in the
microscope used here (Zeiss AXIO Imager A1m) could not be properly interfaced to the
carbon-DEP chip due to physical constraints. If trapping didn’t occur, no significant
changes could be discerned at the exit of the electrode array (data not shown). Negative-
DEP islikely to be present at low frequencies as previously demonstrated [11]. However,
the characterization of negative-DEP was not done here. Cell focusing by negative DEP
could not be observed during experiments. Trapping of E. coli 5K was only observed
when using frequencies in the range from 1 MHz to 10 MHz. The trapping DEP force
was the strongest at frequencies around 10 MHz. No trapping was observed at
frequencies below 1 MHz and above 10 MHz. The results obtained here are qualitatively

but provide afrequency range where E.coli cells can be trapped.

Table 4.5 Qualitative determination of the optimal frequency to trap E. coli using positive-DEP and
carbon-DEP. The conductivity of the mediais 900 uS-cm™

Frequency
Degree
of +++ + ‘ none

trapping

none + +

Drosophila

Drosophila melanogaster is a type of fruit fly extensively used as a model organism in
genetics and developmental biology research 2. The S2 cell line is derived from a
primary culture of late stage (20-24 hours old) embryos. The qualitative characterization

of the DEP behavior of Drosophila S2 cells is presented in this section. To the best
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knowledge of the author this is the first written report on manipulation of this kind of
cells using DEP. Cell cultures in Schneider’s media (Invitrogen) were kindly provided
by Luette Forrest at Michagl Cahaan’s research group in UC Irvine. The experimenta
sample is detailed under the ID Drosophilain Table 4.4. Cells are re-suspended in a 0.1
wt% BSA solution complemented with sucrose and dextrose to yield an isotonic media
featuring a conductivity of 60 uS- cm™. An experimental protocol similar to that followed
in the characterization of E. coli is implemented here. The carbon electrode array was
polarized using a sinusoidal signal of frequency ranging from 50 kHz to 15 MHz (Table
4.6) and magnitude 10 V,. The experiment time was aso 1 min during which trapping
was assessed visually under the microscope. The use of a low magnification objective
(10X) is enough to assess trapping because the cells are approximately 15 pum in
diameter. The trapping of drosophila cells is shown in Fig. 4.14. The relative degree of
trapping was assessed by turning the electrodes off and qualitatively measuring the total
concentration of cells at the exit of the array. A high cell concentration is expected if the
DEP trapping force is strong. No significant changes at the exit of the electrode array are
expected if trapping does not occur. Trapping of drosophila was observed at all
frequencies within the range tested albeit in different degrees. The trapping DEP force
appears to be the strongest at frequencies around 1 MHz. The characterization of negative

DEP was not conducted here.
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Table 4.6 Qualitative determination of the optimal frequency to trap drosophila using
positive-DEP and carbon-DEP. The conductivity of the mediais 60 uS-cm*

Freguency

+ + ++ +++ ++ + ‘ + ‘

Degree
of
trapping

AARAALANANANNNANN
‘f\\a\\%_\\\x\ AR

.......

Fig. 4.14 Drosophila S2 cells trapped in between arrays (red ellipses) using positive-DEP
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CHAPTER 5. Theintegration of DEP and centrifugal microfluidics

Traditional DEP platforms rely on a combination of syringes, piston pumps, tubing,
valves, and fluidic ports for fluid manipulation that significantly increases their
complexity and has prevented the implementation of DEP-based platforms in settings
other than research. An experimental platform featuring a syringe pump was used in
chapter 4 to demonstrate the sorting of different kind of cells using carbon-DEP. This
chapter details the replacement of syringe piston pumping by centrifugal pumping on an
electrically-interfaced compact disk (CD)-like microfluidics platform. The use of a CD
platform significantly reduces the footprint and cost of a DEP system and makes it
amenable for assay automation. The entire fluid network is contained in a single DEP
chip to eliminate the use of syringes, external valves, tubing and any other supporting
fluidic elements. This work differs from DEP platforms where electroosmosis is used as
pumping force in that centrifuga pumping does not depend on the electric nor
physicochemical properties of the sample.

The proposed combination of centrifugal and electric forcesin a single platform has been
reported before. Wang and colleagues demonstrated a dual-pumping CD-like
electrophoresis-based separation system where the centrifugal and electrophoresis forces
in the CD are balanced to obtain a better separation of the dyes rhodamine B and xylene
cyanole %%, This system differs from the one presented here in that only DC electrical
signals were coupled to the rotating platform. An electrophoresis force is used to attract
the most negatively charged dye towards the center of the CD while a centrifugal force
pushes the heaviest dye (xylene cyanole) to the rim of the CD. Fuhr et a.?*%® disclosed

a swinging-rotor centrifugal system to conduct DEP with metal-electrodes using AC
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electrical signals. In contrast to the CD-like rigid platform detailed below, the DEP
devices in Fuhr et a’s work are first aligned paralel to the center of rotation and
gradually move to a position perpendicular to the rotation axis as the rotation speed
increases (resembling a fairground carousel with swings). The use of a horizonta rigid
platform such as the one demonstrated here yields a system with low height profile and,
most importantly, eliminates moving parts (hinges for example) to add robustness to the
platform. Another system somewhat similar to the one presented here is the one
demonstrated by Boettcher et a *°. In their approach a metal-electrode based DEP chip, a
PCB-mounted signal generator and a couple of 9V batteries are positioned on a rotating
platform. The Boettcher et a system differs from the one detailed here in two important
respects. 1) it does not have the capability for remote control so that the signal
generator’s frequency and amplitude must be set before the experiments, and 2) the
throughput, as it uses 2D metal electrodes, islow.

The chapter begins with a description of the individual components and their assembly to
fabricate a SpinDEP platform. The use of the platform for DEP applications is then
validated by filtering yeast cells from latex particles and viable from non viable yeast
using carbon-DEP. Although carbon-DEP is used in this work, the SpinDEP platform
may be used with other DEP chip designs, i.e., those featuring metal electrodes or
insulating structures (as in the case of insulator-based DEP, iDEP). However, the filter
throughput and efficiency may decrease when using traditional 2D metal electrodes. A
discussion on how particle sedimentation decreases performance of a DEP-assisted filter,
and alternatives to prevent it, is presented towards the end of the chapter. The chapter

ends detailing the advantages of replacing a syringe pump by centrifugal microfluidics in
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DEP platforms and the broader impact of interfacing electrical signals to centrifugal

microfluidics.

5.1 Platform components and fabrication

The experimental setup consists of five parts. 1) a programmable motorized spin stand, 2)
a function generator, 3) a specialized spin chuck and compact disk (CD) platform and 4)
carbon-DEP chips. The assembly of the system isillustrated in Fig. 5.1. The CD platform
is mechanically connected to the motor through a custom-made spin chuck that features a
dip ring arrangement needed to electrically connect the function generator to the spinning
platform. An electrical network is contained on the CD platform to interface the signal
coming from the function generator to the carbon-DEP chips. The DEP chips are placed
in the CD platform using designated slots. This modular arrangement makes for a user-

friendly and rapid experimentation setup.

5.1.1 Motor spin stand

The spin stand consists of a motor (Pacific Scientific Servo Motor) and its
amplifier/controller (PAC SCI Programmable Servo Drive). The motor drive utilizes a
graphical user interface program, ToolPAC, to easily configure and program the motor
for varying spin profiles. An imaging system was utilized to examine fluid flow. The
system is composed of a camera (Basler A301bc, 640 x 480 pixels, 80 fps max., 10x
zoom lens mounted), a strobe light (PerkinEImer MV S-4200, 6 s duration), and a retro-
reflective fiber-optic sensor (Banner D10 Expert Fiber-Optic Sensor). To trigger the

camera, areflective marker is placed on the surface of the CD and aigned with the fiber-
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optic sensor. When the sensor detects the marker, a signal pulse is sent to the video
capture board, triggering the camera and strobe light to acquire one image frame per CD
revolution. Thisimaging system did not allow for the visualization of particles, averaging
8 um in diameter, and was only used to analyze fluid flow and determine flow rates in the

micro channel.

5.1.2 Function generator

Sinusoidal voltage signals of different frequency and amplitude are generated by a
Stanford Research Systems DS345 Function Generator. The specifications of this
instrument include maximum working amplitude and frequency of 20 V, (peak-to-peak)

and 20 MHz respectively.
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Assembled Platform

carbon-DEP chips
Exploded side view

\ CD platform
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Function Generator

stationary metal pads

Insertion to Motor Spin Stand

Fig. 5.1 Assembly of a SpinDEP platform
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5.1.3 Spin chuck and compact disk platform

A custom-made aluminum spin chuck mechanically interfaces the compact disk platform
to the motorized spin stand and enables an electrical connection between the spinning
platform and the function generator using a dlip ring. A dip ring is a hollow ceramic
cylinder featuring metal (silver in this case) rings on its outer surface that once inserted
around the spin chuck yields a permanent contact between the silver rings and a set of
stationary brushes (silver graphite in our case) while spinning the chuck and the CD
platform. The stationary brushes are wired to the function generator and the electric
signal from the function generator is delivered via the dip ring to the spinning CD
platform where is guided to the DEP chips using miniature screw-clamp terminal blocks
and simple wiring. The compact disk platform allows for modular deployment of DEP
chips and features a bottom substrate and a top cover. The bottom substrate (2.54 mm
thick polycarbonate) contains the DEP chips in designated compartments while the top
cover (1 mm thick polycarbonate) is used to prevent the DEP chips from detaching from
the platform while spinning. Stainless steel nuts and bolts are used for the alignment of
top cover to the bottom substrate and to secure the two polycarbonate pieces together.
The platform used in this work can hold two carbon-DEP chips. The resulting platform,

we call SpinDEP, features programmable centrifugal pumping and electrical forces.

5.1.4 3D carbon-DEP chips

3D carbon-DEP chips are fabricated as stand-alone units, or modules, to alow for arapid
insertion and remova to and from the CD platform. Carbon-DEP chips feature carbon
electrodes of different height which are fabricated following one of the procedures

detailled in Table 2.3. Two different heights of carbon electrodes are used with centrifugal
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microfluidics: 40 and 70 um. The fluid network around the electrode array is fabricated
using polycarbonate (PC) and double-sided pressure-sensitive adhesive as detailed in
section 2.1.2 and features two channels. The main flow channel is 600 um wide by 100
um high and holds the DEP carbon electrodes. The other channel is 1 mm wide and 100
um high and is used for sample retrieval. The top view and cross section of a carbon-DEP
chip when containing 70 um high electrodesisillustrated in Fig. 5.2. The interface of the

signal generator to the carbon-DEP chip was detailed above.

Top View

@ Retrieval Loading

.‘
) Venting

Cross section at dotted line
Holes Layer Su-8

Venting Channel . Glass-like Carbon

. Silver/Solder

Chambers Layer
Silicon/

Fig. 5.2 Top view and cross section of the carbon-DEP chip integrated with centrifugal
microfluidics

DEP Channel
—
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5.2 Electrical and mechanical characterization of the SpinDEP platform

Electrical tests demonstrate how 20 V, sinusoidal signals with frequencies ranging from
1 kHz to 2 MHz are transmitted from the stationary function generator to a stationary
measuring oscilloscope via the rotating CD platform without noticeable losses. Signal
frequencies higher than 2 MHz cause impedance loading of the measurement circuit and
lead to inappropriate readings. The platform is capable of spinning at frequencies up to

7000 rpm (116.6 Hz) without significant vibrations.

5.3 Flow characterization for SpinDEP experiments

Filter efficiency in a DEP chip depends on the flow rate implemented in the channel:
hydrodynamic forces compete with the DEP trapping force and too high a flow decreases
the number of targeted particles than can be trapped. The flow rate induced in different
carbon-DEP chips is characterized as a function of the rotation speed of the platform. The
surface materials of the micro channels in carbon-DEP chips consist of double-sided
pressure sensitive adhesive for the side walls, polycarbonate for the ceilling and SU-8 for
the floor. Polycarbonate and SU-8 surfaces are expected to have a surface roughness on
the order of hundreds of nanometers but side walls can present roughness on the order of
micrometers as observed under the optical microscope (not shown). Such surface
roughness has not been observed to be detrimental to the performance of the device.
Negative effects such as flow turbulence or undesired cell trapping in wall crevices could
not be discerned. The distribution of flow rates in both carbon-DEP chips (featuring

either 40 um high electrodes, as in CHIP 1, or 70 um high electrodes, as in CHIP 2) when
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flowing the experimental sample at spin rates ranging from 100 to 175 rpm is shown in

Fig. 5.3.
50
5 @ Experimental Data. CHIP 1 - ®
A Experimental Data. CHIP 2
— Mean values. CHIP 1
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Fig. 5.3 Flow rates established in two different carbon-DEP chips at different rotation speeds

Flow rate in the channel increases with spin speed. Spin rates between 100 and 175 rpm
can induce flow rates as low as 2 pl min™ and as high as 45 pl min™ when using the
channel geometry implemented here. However, spin speeds below 125 and 100 rpm for
CHIP 1 and 2 respectively do not induce aflow in the micro channel observable using the
imaging system specified above (so it is possible that flows of the order of nl min do
occur) . Flow rates are relatively consistent at lower spin rates but exhibit a significant

variation at 150 and 175 rpm for CHIP 1 and 2 respectively. It was previously suggested

190



176 that the cause for the observed variability of the flow rate at a given rpm is due to the

crude way of timing the flow (by eye) and this most likely is the case here as well. The
variability in flow rates at high speeds (150-175 rpm) is higher than that at low spin
speeds (100-125 rpm). For example at a flow rate of 30 ul min™ , timing errors of +1, +2
and £3 s represent a percentage change of 1, 2 and 3% respectively while this only
represents a change of 0.1, 0.3 and 0.5% at a flow rate equal to 5 pl min™ (considering a
sample volume of 50 pl in both cases). To improve the flow rate reading one must
consider incorporating a flow sensor in the channel. One option is the use of a flow
sensor as introduced by Collins and Lee ?*” who rely on the change of electric admittance
on aset of parallel gold electrodes positioned at the channel bottom to measure flow rates
up to 35 pl min™. Another example, more suitable for the measurement of low flow rates,
is described in the work by Wu and Sansen *® who measured flow rates between 1 and
15 min™ using the electrochemical time-of-flight of oxygen which was quantified
using micro fabricated amperometric sensors. The difference in induced flow rate
between the channels of CHIP 1 and 2 a a given rpm observed in Fig. 5.3 is due to the
unintended differences in alignment of each of the channels side-wallsto aradia straight
line between the center of rotation of the disk and its outer rim.

Using Equation 1.9 the induced flow rate in a channel that is perfectly aligned to the
mentioned radial line with the flow rate in channels with different kinds of misalignments
to that same radia line is compared. As shown in Figure 5.4a the misalignment is
represented by variations in r; and/or rp. Here r; and r;, are respectively the channel start
point (or the point of the channel closest to the CD center of rotation), and the channel

end point (or the point of the channel furthest away from the center of rotation). The
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calculated values are shown in Fig. 5.4b as a function of spin speed and compared to the
experimental curves previously shown in Fig. 5.3. The experimental results fall within
the area delimited by misalignment errors of the channel. Furthermore, Fig. 5.4c shows
how different kinds of misalignments impact the induced flow rate. Flow rate at a given
spin speed decreases more rapidly when the channel end point is misaligned (case Il in
Fig. 5.4a) than when the channel start point is misaligned (case Il in Fig. 5.4a). A
misalignment of start and end points (case IV in Fig. 5.49) leads to a linear decrease in
flow rate that reaches zero faster than in both previous cases. The flow rate is zero when
ry and rp are equdl, i. e., when the channel is parallel to the center of rotation, as predicted
by Equation 1.9 (4r = 0). The use of a standardized fabrication process can minimize
undesired misalignments of the channel to the center of rotation when positioning the
DEP modules in the CD platform. A similar flow characterization was performed using

different media and is detailed next.
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rotation to the CD edge. b) Comparison between the flow rates established in the channel during
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on the flow rate in the channel as the starting (r1) and end (r2) points of the channel vary
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This characterization was conducted in a 600 um width, 100 um height channel
fabricated completely in polycarbonate (PC). The channels are fabricated directly on a
CD platform to eliminate any misalignments. These channels did not contain electrodes.
The flow rate of different solutions. DI water, 0.6 wt% peptone, 0.1 wt% BSA and 0.2
wt% BSA was determined at different rotation speeds. Results are shown in Fig. 5.5. DI
water behaves erratically. This is possibly due to the fact that water does not uniformly
wet the PC surface due to the hydrophobic nature of the latter. The addition of BSA or
peptone to DI water makes the flow behave more uniform. The addition of BSA leads to
a solution that flows faster than that obtained when adding peptone. However, only the
peptone solution flows at spin speeds below 175 rpm. The minimum spin speed at which
DI water and BSA solutions flowed is 200 and 175 RPM respectively. It is suspected that
the addition of peptone rather than BSA better improves wettability of the PC surface by
water. The flow rate of a solution appears to be dependent on the solute concentration.
For example, the flow rate of the 0.1 wt% BSA solution is dlightly faster than that of the
0.2 wt% solution. This could be explained by the fact that the less concentrated solution

is also less viscous.
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5.4 Céell sorting using the SpinDEP platform

5.4.1 Experimental Protocol

Experiments are performed using either 40 or 70 pm high carbon electrode posts. Two
different experimental samples are used which are detailed in Table 4.4 as spinDEP1 and
spinDEP2. The first sample, spinDEPL, is a mix of yeast cells and latex particles
suspended in a 0.1 wt% BSA solution. The conductivity of the sampleis 31.2 uS-cm™. A
sinusoidal signal with frequency 200 kHz and amplitude of 20 V/y is used to selectively
filter yeast cells, viable and non viable, from latex particles. In agreement with the DEP
models shown in Fig. 4.4d, a working frequency of 200 kHz is optimal to induce the
strongest positive DEP force on both non viable and viable yeast cells and attract them to
the nearest electrode surface. At that same frequency, the latex particles are repelled from
the nearest electrode surface by a negative DEP force and are eluted by the fluid flow. At
working frequencies higher than 200 kHz, the force exerted on viable yeast increases but
that on the non viable yeast cells diminishes. At frequencies lower than the optimal
frequency of 200 kHz, the DEP force on non viable yeast cells remains the same as that at
200 kHz but the force acting on viable yeast cells decreases.

The second sample, spinDEP2, contains only yeast cells suspended in a 0.2 wt% peptone
water. The conductivity of the sampleis 189 uS-cm™. The polarizing signal in this case
features a frequency of 1 MHz and magnitude 20 V. Following the DEP model shown
in Fig. 4.4e, the use of this frequency causes the attraction of viable yeast cells to the
nearest electrode surface. At this same frequency, non viable cells are repelled from the

nearest € ectrode surface.
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The experimental protocol detailed next isillustrated in Fig. 5.6. A volume of 50 pl of the
experimental sample, either spinDEPL or spinDEP2, is first introduced into the inner
chamber (the chamber closest to the CD center of rotation) where it is prevented from
flowing into the channel containing the eectrodes during loading by the hydrophobic
valve in the inner chamber-channel interface °. Upon sample loading, the carbon
electrodes are polarized using one of the sinusoidal signals detailed above. The channel
containing the electrodes is then filled with the sample solution by rapid acceleration of
the CD up to 800 rpm which causes the hydrophobic valve to burst “°. Once the channel
is filled, the platform is set to spin at a constant speed to induce a desired flow rate
(which increases proportional to the spin speed). After the whole volume has passed
through the channel the platform is stopped and the sample is retrieved from the outer
chamber (the chamber closest to the CD outer edge) via the 1 mm wide channel.

Electrodes are de-polarized after sample retrieval.
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Sample flow rates are calculated by dividing the volume of the sample that flows from
the inner to the outer chamber by the time it takes to do so. This time was assessed
visually using the stroboscopic video microscopy system detailed above. Experimental
times range from 1 to 16 min. Particle sedimentation becomes an issue with long
experiment times (>5 min) and is further addressed below under Impact of particle
sedimentation on filter efficiency.

Particle counts used in the quantification of filter efficiency (detailed in the next section)
are carried out visually at a 200X magnification using a Nikon Eclipse LV100
Microscope. A hemacytometer set (Hausser Scientific) featuring an improved Neubauer
ruling is used to aid in the count. The count values used for filter efficiency quantification
(for example number of yeast cells in the sample after DEP-assisted filtration or the
number of latex particles introduced in the DEP chip) are the average of four different
counts performed for each sample. The standard deviation of the data set (each set has
four counts) for a given sample was negligible and is not reported. Visua differentiation
between latex particles and yeast cells is achieved without the use of any type of staining
technique as their morphology is significantly different. Visual differentiation between
viable and non viable cells is achieved using a trypan blue exclusion assay since their
morphology is similar. The stain permeates through the cell membrane only in the case of
non viable cells and stains the cell interior blue.

The targeted particles in this work are either yeast cells in general or viable yeast cells.
The efficiency n when filtering a targeted particle from a mixture is defined in Equation
5.1 as the ratio of the number of targeted particles trapped in the filter over the total

number of targeted particles upstream of the filter. The number of targeted particles
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upstream of the filter is named PI. The number of targeted particles trapped in the DEP
filter is given by the difference between Pl and the number of targeted particles retrieved

after the DEP filter which we name PO. Filter efficiency is then quantified as:

__ ParticlesTrapped __ PI-PO
n= = (5.1

ParticlesUpstream PI

To better illustrate the improvement on efficiency achieved with the use of carbon
electrodes at different flow rates (details below under Impact of particle sedimentation on
filter efficiency) the filter efficiency is normalized by dividing the number of targeted
particles introduced in the DEP chip (PI) by the total number of al particles present in
the mixture introduced in the chip (denoted by TI). In a similar way, the number of
targeted particles retrieved from the chip (PO) is divided by the total number of all
particles contained in the sample retrieved from the DEP chip (given by TO). The
normalized equation is then:

Pl PO

T__TO (5.2)
PI

Tl

77:

As denoted in both Equations 5.1 and 5.2, a filter efficiency of one is achieved when
targeted particles are absent in the sample retrieved from the DEP chip (PO = 0) while a
filter efficiency equa to zero is obtained when all targeted particles introduced in the

DEP chip areretrieved from it after the experiment (Pl = PO).
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5.4.2 Filtering of yeast cellsfrom latex particles

The normalized filter efficiency when filtering yeast cells, from latex particles using
either 40 or 70 um-high carbon electrodes as calculated from Equation 5.2 is shown in
Fig. 5.7. The red dotted horizontal line denotes a base line given by the average of control
values. Control values are obtained in the absence of a polarizing bias on the carbon
electrodes. The use of 70 um high carbon electrodes yields a 100% filter efficiency at
flow rates below 5 pl min™ and constitutes a better filter than the one based on 40 pm
high electrodes when considering flow rates below 10 ul min™. At flow rates between 10
and 35 pl min™ the situation reverses and the use of 40 um high electrodes yields a better
efficiency. Based on the simulation results shown in chapter 3, section 3.1 it is suspected
that this result is due to experimental and statistical errors. The use of 70 um-high
electrodes offers more trapping volume and a better coverage of the channel height than
the use of 40 um-high ones at any given medium conductivity and polarizing voltage.
The improvement of filter efficiency over the control base line approaches zero at flow
rates above 35 pl min™. Above this flow rate the hydrodynamic force overcomes the DEP
trapping force. From Equation 5.2 the filter efficiency must obviously be zero when no
particles are trapped by the filter, however in practice, undesirable experimental
conditions such as particle sedimentation (see next section), adsorption to the channel
surface, physical trapping of particles in crevices present in the micro channel, etc.

explain this non-zero vaue of the control.
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Fig. 5.7 Filter efficiency vs. flow rate when filtering yeast cells from latex particles using 40 or 70-
pum high carbon electrodes

5.4.3 Cell viability assay

The normalized filter efficiency calculated using equation 5.2 when filtering viable yeast
cells from non viable cellsis shown in Fig. 5.8. Only the electrode array featuring 40 pum-
high carbon electrodes is used here. The red dotted horizontal line again denotes a base
line given by the average of control values. Control values are obtained in the absence of
a polarizing bias on the carbon electrodes. Flow rates below 10 pl-min? could not
achieved using this chip. The reason for this is suspected to be chip misalignment as

detailed above. The use of 40 um high carbon electrodes yields a maximum efficiency
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close 50% at flow rates around 12 pl-min™. The filter efficiency decreases proportional
to the flow rate until it reaches the control base line at 35 pl-min™. Above this flow rate
the hydrodynamic force overcomes the DEP trapping force. The control base lineis given
by the experimental results obtained when the electrodes are not turned on. Although the
line should be a =zero efficiency, experimenta conditions including particle
sedimentation and adsorption to the device surfaces are to blame for the non-zero value

of the control.
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Fig. 5.8 Filter efficiency vs. flow rate in a cell viability assay implemented with the SpinDEP
platform
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5.4.4 |mpact of particle sedimentation on filter efficiency

The filter efficiency as a function of the flow rate in the channel is again shown in Fig.
5.9a but now as calculated from Equation 5.1. Dashed and solid lines denote curves fitted
to experimental data points (black curves) and control data points (red curves). The
improvement of the filter efficiency over the control can be gleaned from Figure 5.9b.
The comparison between Fig. 5.9a with Fig. 5.9b gives an insight about the impact of
particle sedimentation on filter efficiency at different flow rates. At flow rates below 10
ul min™ the DEP trapping force overcomes the hydrodynamic force and filters most of
the yeast cells. Even though the filter efficiency obtained with the use of either 40 and 70
um high electrodes is close to one at flow rates below 10 ul min™ the improvement over
the control experiments carried on a similar flow rates is minimal. Low flow rates
trandate in slow flow velocities that allow for enough time for latex particles (and yeast
cells that are not trapped in the filter) to sediment. Upon sedimentation, latex particles
(and yeast cells) are likely to adsorb on the channel surfaces which results in low particle
counts in the retrieved sample. At flow rates between 10 and 25 pl min™ the DEP
trapping force is still stronger than the hydrodynamic force and filters a high percentage
of the total population of yeast cells in the sample but now the flow velocity is fast
enough to prevent sedimentation and effectively elutes the latex particles (and the yeast
cells that could not be trapped) out of the channdl. It is in this range where the highest
improvement is achieved asillustrated in Fig. 5.9b. At high flow rates the hydrodynamic
force completely overcomes the DEP trapping force exerted on the yeast cells by the
electrode array and elutes all particles contained in the sample. In this case the

improvement of filter efficiency over the control is minimal as illustrated at flow rates
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above 35 pl min™ in Fig. 5.9b. A further experimental result to quantify sedimentation
comes from the comparison between the number of total particles per unit volume that
are retrieved from the chip and those initially introduced in it. At flow rates below 10 pl
min™ the number of total particles retrieved from the chip is in average 58% of the total
number of particlesintroduced in it and leads to an estimated 42% loss of particles due to
sedimentation. No leaks were discerned in the experimental setup and the possibility of
loss of particles from the fluid network is eliminated. Furthermore, at flow rates above 10
ul min™ the number of particles retrieved from the chip is close to the total count of
particlesintroduced into it.

Future designs must account for the sedimentation effects described here. The
sedimentation velocity Us of a spherical particle in a given media can be derived by
equating the Stokes drag force of the particle (Ds = 6murUs) with its weight minus

bouyancy:
4
omurUs = 3 7-[7"3(pparticle - pfluid)g (53)

solving for U yields:

2r? (Pparticle_Pfluid)g
owu

U, = (5.4)

where p is the viscosity of the media, r is the particle radius, pg.ig IS the density of the
media, pparide 1S the density of the particle and g is gravity (equal to 9.81 m s?). U is
also known as Stokes velocity and can be used to calculate the maximum time a particle
can travel in a channel without sedimenting. Equation 5.4 describes the sedimentation
velocity of an isolated particle immersed in an infinitely dilute solution and is used here

as abasic model for particle sedimentation.
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This idealized condition does not apply for a typical experimental sample where a
particle is part of alarge assembly of particles. However, modeling of particle settlement
in a dense particle environment requires the use of computer simulation ** and is beyond
the scope of the current work. For instance, settling of particles in a dense solution
creates velocity perturbations in the surrounding fluid that lead to long-range
hydrodynamic interactions between the particles and causes a decrease in their settling
velocity as compared to the idealized Stokes velocity.

To prevent particle sedimentation from negatively impacting the DEP filter efficiency a
lower limit of the flow rate to be implemented in the channel must be calculated. For
example, the analysis based on Fig. 5.9b identified that flow rates below 10 pl min™ are
detrimental to filter efficiency.

A method to define an optimal range of flow rate values such that the particles that are
not trapped by the filter are effectively eluted out of the channel is detailed next. The
flow rate Q in the channel equals the product of flow velocity V times channel cross-
section A,

Q=VA (5.5)

while the time t for a particle to travel a given channel length equals the ratio of channel
length L to flow velocity V,

L
t= = (5.6)

Therefore the time required for a particle to travel a given length L of a channel with

cross-section A can be calculated as a function of flow rate as:
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by equating flow velocity in Equations 5.5 and 5.6. The channél used in this work
features a length of 26.84 mm and a cross-section area of 600 pum by 100 um. The
relation between the time for a particle to travel the channel length and the flow rate,
based on Equation 5.7, isillustrated in Fig. 5.10a. The sedimentation rates of yeast cells
and latex particles are presented in this figure as well. The sedimentation rate of yeast
cells (11.689 um s™) and latex particles (8.2638 um s™) is calculated from Equation 5.4
and is shown for the best case scenario of yeast cells and latex particles flowing close to
the ceiling of the channel (100 pm high). In this case, yeast cells may reach the bottom of
the channel asfast asin 8.55 swhile latex particles can do so in 12 s. The sedimentation
rate of a given particle is constant regardless of the initial position of the particle in the
channel and particles flowing closer to the channel bottom sediment faster. Fig. 5.10a
helps in the establishment of an optimal flow rate that prevents particle sedimentation.
For example, flow rates below 11 pl min™ are undesirable since they are too slow and
alow for the sedimentation of al yeast cells (red dashed lines). However, the use of
higher flow rates decreases the time a particle takes to travel the channel length. For
instance, flow rates of around 24 pl min™ transport the particles across the channel length
in 4 s and during that time only those particles initially at a height of 50 um or less from
the channel bottom may sediment (red solid lines). The use of adesign aid as represented
in Fig. 5.10a must also take into account the fact that above certain flow rates the filter
efficiency significantly drops asillustrated in Fig. 5.9b. If the flow rate desirable to avoid
particle sedimentation yields a too low DEP filter efficiency for a given channel, the
channel length and cross-section must be adapted to alow for slower flow rates,

increased filter efficiency while also avoiding particle sediments. Channels with different
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lengths and constant cross-section (600 um by 100 um) and with different cross-sections
and constant length (25 000 um) respectively, are compared in Fig. 5.10b and €) in terms
of the time it takes for a particle to travel the channel length given afixed flow rate The
different curves are obtained using Equation 5.7. In contrast to the use of long channels,
implementing shorter channels allows for slower flow rates in the channel and avoids
particle sedimentation. For example, a horizontal line at 8.55 s (red dashed line) in Fig.
5.10b establishes the range of channel lengths (shorter than 15 000 pm) where flow rates
below 10 pl min™® can be implemented without experiencing yeast sedimentation.
However, the use of shorter channels limits the number of electrodes that can be
contained in the channel and decreases the trapping volume available in the channel. The
impact of increasing channel cross section on the time it takes for a given particle to
travel a given channel length of 250 00 um as flow rate increases is shown in Fig. 5.10c.
An increase of channel cross section requires the implementation of faster flow rates to
avoid particle sedimentation. For instance, a channel cross section of 100 um high and 1
200 pm wide (A = 120 000 pm?) requires the use of a flow rate as fast as 20 ul min™ to
avoid sedimentation of a yeast cell flowing at the top of the channel (sedimentation time
equals 8.55 s in this case and is denoted by the red dashed line). Unfortunately, at such
high flow rate the DEP trapping force is completely voided by the hydrodynamic force
and no yeast cells can be trapped. Plots like the ones in Figures 5.10a, b and c aid the
process of reaching a compromise between trapping volume and channel dimensions to

avoid particle sedimentation and improve the filter efficiency of a DEP device.
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5.5 Advantages and broader impact of the SpinDEP platform

The CD-based DEP platform (SpinDEP) demonstrated here offers key advantages
compared to more traditional DEP platforms with peristaltic or syringe pumps: 1)
Footprint reduction; the current platform has the footprint of a data compact disc and a
height less than 5 cm. 2) Cost reduction; externa fluidic interconnects such as tubing,
sample loading docks/ports, valves, splitters and/or syringe connectors are eliminated.
Furthermore, because the flow rates induced in a channel by centrifugal forces (which

can be as low as 5 nl-st 17®

) depend mostly on the channel dimensions and its relative
position and orientation to the center of rotation, high precision motors as those required
in syringe pumps are not needed in centrifuga pumping. 3) Centrifugal pumping is
“contact free” and does not require any mechanical interconnects to induce a pressure
gradient for pumping. The virtual nature of the pumping force results in a vented system
that is immune to the presence of air bubbles. 4) The demonstrated platform is a self-
contained platform which minimizes the probability of sample leakage from the
experimental setup. The complete fluidic network (and indeed the experiment or clinical
test) can be contained in a single device (which can be disposable), be it a chip that can
be embedded in a CD or the whole disk itself. 5) Centrifugal pumping does not depend
on the physicochemical properties of the sample. 6) The demonstrated DEP platform is
modular and amenable to integration with other sample preparation and detection
architectures already demonstrated in CD-based platforms. It is important to clarify that
the current platform does not operate at the point-of-care yet. Ongoing work is on the

replacement of bulky and complex instrumentation, such as the described visualization

system and the motor spins stand, for a miniaturized, less expensive stand-alone system.
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The motor required for a SpinDEP unit at the point-of-care is expected to be similar to
those used in convential data CD units. The incorporation of flow rate sensors inside the
fluid network (described above under Flow rate characterization of the carbon-DEP chip)
eliminates the need for a visualization system like the one used in this work. The
measurement of a desired variable, for example the concentration of a targeted cell
population after enrichment, can be performed on the CD using fluorescence and
absorption measurements or electrical methods such as dielectric spectroscopy.

Thiswork also represents an important step towards integrating all types of electrokinetic
phenomena (AC and DC) to other functions already demonstrated on CD platforms
including valving, decanting, calibration, mixing, metering, sample splitting, and fluid
separation. The addition of electrical forces to the CD platform affords a variety of
functions previously not possible in CD fluidics: 1) Electrokinetic phenomena such as
electrophoresis and dielectrophoresis allow for the bulk manipulation of cells, DNA and
proteins with higher selectivity than hydrodynamics and centrifugation. It also allows for
the selective manipulation and analysis of single entities, for example the isolation and
electroporation of single cellsto increase the efficiency in cell transfection for the genetic
modification of stem cells ?*!. 2) Electrodes in a centrifugal fluidic network enable novel
mechanisms for analysis such as dielectric spectroscopy and electrochemical sensors. 3)
Electric power on-CD permits the installation of different transducer modules on the CD
and can enable the continuous interaction of forces such as optical, thermal and sonic
with centripetal and electrical forces. Current CD platforms rely on externa stationary
transducer modules that only allow for intermittent interaction with a specific area of the

CD (athough the higher the spin rate the less intermittent the interaction is) and may
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require the CD to become stationary to acquire data or manipulate a variable. While some
applications may not require continuous interaction or even benefit from stationary
conditions, real-time sensing of processes with fast kinetics and continuous manipulation
of variables and objects of interest can prove beneficia in other applications. 4) The
propulsion of fluids in current CD platforms is limited to centrifuga pumping from the
center of adisk toitsrim. Often this prevents the implementation of a whole diagnostic
system in a single CD since cascading of all required functions (sample preparation,
sorting, detection, etc.) cannot be fitted in the radius of a standard-sized CD.
Electrokinetic phenomena can be used to drive a sample volume towards the CD center
after centrifugation. For example, electroosmotic flow can return fluids to the CD center
which gives the user the choice to drive the sample volume through the same processing
network or to transfer to adjacent processing steps. 5) Electrical forces scale down
favorably and can prove to have a stronger impact than centripetal forces in nanofluidics

applications.
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CONCLUSION

The state-of-the-art in DEP and centrifugal microfluidics is advanced in this work.
Carbon-electrode dielectrophoresis (carbon-DEP) has been demonstrated as a new
aternative to current DEP technologies. Cell manipulation in the form of trapping and
focusing has been achieved using carbon electrodes. Manipulated include S cerevisiae,
E. coli and Drosophila melanogaster. The use of volumetric (3D) electrodes has been
demonstrated, both theoretically and experimentally, to yield higher trapping throughput
and efficiency than 2D electrodes. The use of carbon electrodes affords severa
advantages over existing technologies: 1) a wider electrochemical stability window than
gold and platinum which reduces the possibility to electrolyze the sample; 2) carbon is
highly inert and biocompatible, and 3) the use of tens of volts to polarize a carbon-
electrode array, instead of hundreds of volts asin the case of iDEP, is enough to induce a
DEP force. Furthermore, 3D carbon electrodes are fabricated using a high-yield process
that isrelatively inexpensive.

The use of centrifugal forces for fluid pumping and fluid manipulation improves
traditional DEP platforms in terms of footprint, cost, robustness and practicality. The
integration of DEP with centrifugal microfluidics has been demonstrated with the
extraction of a population of yeast cells from a background of latex particles and with a
yeast-cell viability assay. The implemented modularity in the experimental platform
allows for the use of interchangeable disposable chips depending on the type of assay or
study to be conducted.

Centrifugal microfluidics is also advanced by the interfacing of programmable electrical

signas to the rotating disk. The combination of electrical and centrifugal forces in a
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single platform expands the number of applications where centrifugal microfluidics and
electrokinetics are used by themselves. Electrokinetic phenomena does not scale up
favorably since the magnitude of an electric field is inversely proportiona to the
separation between electrodes. Fluid manipulation using CD fluidics and centripetal
forces does not scale down favorably since the fluidic resistance of a channel increases
exponentially with a decrease in channel cross-section. In view of this, certain assays and
fluidic functions may benefit better from electrokinetics than from CD fluidics and vice
versa. An integrated system like the one demonstrated here is thus desired. This work is
towards a CD-based point-of-care sample-to-answer system where sample preparation
(mixing, conjugation, metering, splitting, lysis, etc.) is carried on using centripetal forces
while selective fine manipulation is implemented with electrokinetics (electrophoresis,

dielectrophoresis, electroporation, etc.).
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