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ABSTRACT

ISOMOTIVE DIELECTROPHORESIS FOR ENHANCED
ANALYSES OF CELL SUBPOPULTIONS

Mohamed Zakarya Rashed
April 27, 2021

As the relentless dream of creating a true lab-on-a-chip device is closer to realiza-
tion than ever before, which will be enabled through efficient and reliable sample char-
acterization systems. Dielectrophoresis (DEP) is a term used to describe the motion
of dielectric particles/ cells, by means of a non-uniform electric field (AC or DC). Cells
of different dielectric properties (i.e., size, interior properties, and membrane prop-
erties) will act differently under the influence of dielectrophoretic force. Therefore,
DEP can be used as a powerful, robust, and flexible tool for cellular manipulation,
separation, characterization, and patterning. However, most recent DEP applications
focus on trapping, separation, or sorting particles. The true value of DEP lies in its
analytical capabilities which can be achieved by utilizing isomotive dielectrophoresis

(isoDEP). In isoDEP, the gradient of the electric field-squared (V E?

= o) s constant,

hence, upon the application of electric field, all particles/cells that share the same
dielectric properties will feel the same constant dielectrophoretic force i.e., translate
through the micro-channel at the same velocity. However, DEP is not the only acting
force upon particles inside an isoDEP device, other electrokinetics, including but not
limited to electrothermal hydrodynamics, might act on particles simultaneously.
Within this dissertation, electrothermal-based experiments have been conducted
to assess the effect of such undesired forces. Also, to maximize the relative DEP force
over other forces for a given cell /particle size, design parameters such as microchannel

width, height, fabrication materials, lid thickness, and applied electric field must be
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properly tuned. In this work, scaling law analyses were developed to derive design
rules that relate those tunable parameters to achieve the desired dielectrophoretic
force for cell analysis. Initial results indicated that for a particle suspended in 10
mS/m media, if the channel width and height are below 10 particle diameters, the
electrothermal-driven flow is reduced by ~ 500 times compared to the 500 pm thick
conventional isoDEP device. Also, Replacing glass with silicon as the device’s base for
an insulative-based isoDEP, reduces the electrothermal induced flow by ~ 20 times.
Within this dissertation, different device designs and fabrication methods were
attempted in order to achieve an isoDEP platform that can characterize and differ-
entiate between live and dead phytoplankton cells suspended in the same solution.
Unfortunately, unwanted electrokinetics (predicted by the previously mentioned scal-
ing law analysis) prevented comprehensive isoDEP analysis of phytoplankton cells.
Due to isoDEP device limitations and other complications, other techniques were
pursued to electrically characterize phytoplankton cells in suspension. An electrochemical-
based platform utilizing impedance spectroscopy measurements was used to extract
the electrical properties of phytoplankton cells in suspension. Impedance spectroscopy
spectra were acquired, and the single-shell model was applied to extract the spe-
cific membrane capacitance, cytoplasm permittivity, and conductivity of assumingly
spherical cells in suspension utilizing Maxwell’s mixture theory of a controlled volume
fraction of cells. The impedance of suspensions of algae were measured at different
frequencies ranging from 3 kHz to 10 MHz and impedance values were compared to
investigate differences between two types of cells by characterizing their change in cy-
toplasm permittivity and membrane capacitance. Differentiation between a healthy
control and nitrogen-depleted cultured algae was attempted. The extracted spe-
cific membrane capacitances of Chlamydomonas and Selenastrum were 15.57 + 3.62
and 40.64 + 12.6 mF /m? respectively. Successful differentiation based on the specific

membrane capacitance of different algae species was achieved. However, no significant
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difference was noticed between nitrogen abundant and nitrogen depleted cultures.

To investigate the potential of isoDEP for cell analysis, a comparison to exist-
ing dielectrophoresis-based electrokinetic techniques was encouraged, including elec-
trorotation (ROT) microfluidic platforms. The ROT microfluidic chip was used to
characterize M17, HEK293, T-lymphocytes, and Hela single cells. Through hands-on
experience with ROT, the advantages and disadvantages of this approach and isoDEP
are apparent. IsoDEP proves to be a good characterization tool for subpopulation
cell analysis with potential higher throughput compared to ROT while maintaining
simple fabrication and operation processes.

To emphasize the role of dielectrophoresis in biology, further studies utilizing the
3DEP analytical system were used to determine the electrical properties of Drosophila
melanogaster (Kcl167) cells ectopically expressing Late embryogenesis abundant (LEA)
proteins from the anhydrobiotic brine shrimp, Artemia franciscana. Dielectrophoretic-
based characterization data demonstrates that single expression of two different LEA
proteins, AfrLEA3m and AfrLEAG6, both increase cytoplasmic conductivity of Kc167
cells to a similar extend above control values. The extracted DEP data supported
previously reported data suggesting that AfrLEA3m can interact directly with mem-
branes during water stress. This hypothesis was strengthened using scanning electron
microscopy, where cells expressing AfrLEA3m were found to retain their spherical
morphology during desiccation, while control cells exhibited a larger variety of shapes

in the desiccated state.
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CHAPTER I

INTRODUCTION

Motivation

Analysis and manipulation of single particles (or cells) in suspension has a pivotal
role in many biomedical applications. Most of these biomedical applications require
handling, separation and retrieval of specific cell subpopulation presented in hetero-
geneous populations. For an efficient biomedical device, such cell manipulation has to
be label-free i.e., does not rely on biochemical labels to target specific cell population.
This is because label-based applications are expensive and require complex operat-
ing protocols. On the other hand, label-free applications depend on the particle’s
phenotype (eg., particle size and dielectric proprieties).

Dielectrophoresis is a label-free, electrostatic technique that can be used to char-
acterize cell(s) based on its/their response to an induced non-uniform electric field.
Unlike electrophoresis, DEP does not require the particle to carry a charge to feel
the exerted DEP force. The polarization of a particle with DEP is based, in part,
on the interfacial polarization at the interface of the liquid/particle boundary under
an applied electric field. DEP is a well-known particle manipulation technique that
has been able to capture, sort, concentrate, and characterize a variety of particles
and biological entities as small as a few nanometers [2, 3]. DEP has been used to
differentiate subpopulations of cells including live and dead bacteria [4] healthy and
damaged phytoplankton [5], breast cancer sublines [6], circulating tumor cells from
non-transformed cells [7], leukocyte subpopulations (T lymphocytes, B-lymphocytes,
granulocytes, monocytes) [8], and blood types [9]. It is important to note that cells
manipulated by DEP do not seem to be damaged from exposure to the applied field
[10].

The most important characteristic of DEP for particle analysis is that by track-
ing the magnitude and direction of DEP-manipulated particles over a range of ap-
plied AC frequencies, the dielectric properties of the particles can be extracted and
subsequently used for cell population identification or analyses. However, The pri-
mary disadvantage of current DEP systems is that the applied DEP force is spatially
nonuniform, especially in three dimensions, making such cellular sub-population anal-
ysis nontrivial. Moreover, 3D electrode fabrication is nontrivial and typically requires
complex microfabrication equipment and/or facilities. Other techniques that utilize
glass/polymer structures, namely insulator-based DEP [11] and contactless DEP [12],
may require large voltages (> 100 V), leading to unwanted electrokinetic effects which
may induce device dielectric breakdown or disturb biological samples.



1 Isomotive DEP for Cell Analysis

In traditional DEP systems the force exerted on a particle is spatially non-uniform,
typically by orders of magnitude over relatively short distances. For example, using
coplanar electrodes the DEP force is greatest close to the surface of the electrodes but
exponentially decreases with height above the electrode plane. Consider a 25 pm gap
between two coplanar electrodes, the magnitude of the DEP force is approximately
100 times less for a particle 10 pm above the electrode edge compared to a distance
of 1 pm [13]. Hence, an analytical DEP system is nontrivial because particles at
different locations will be subjected to different DEP forces. To simplify analysis
VE? . must be constant within the region of interest. Inspired by Pohl’s design [14]

(Fig. 1.1), Alen et. al [15] developed an Isomotive DEP (isoDEP)-based device for
particle characterization.

Electrode

Electrode

Solid conductor

Figure 1.1. Pohl’s first isoDEP design demonstration to produce a constant VE?
[14].

[soDEP benefits from of the unique electrodes design such that a uniform DEP
force is applied to all particles within the optical viewing area. The electrodes are de-
signed such that the tracked identical particles within the viewing area are feeling the
same uniform DEP force exerted upon the application of the electric field. As parti-
cle translation is a function of the polarizability of both the particles and suspending
medium, the particles’ size and shape, and the frequency of the electric field. Hence,
it can be a good candidate for cell (particles) analysis. However, other electrokinetics
act on the particles simultaneously, including electrothermal hydrodynamics. Hence,
to maximize the DEP force relative to over electrokinetic forces, design parameters
such as microchannel geometry, fabrication materials, and applied electric field must
be properly tuned. Analysis of forces such as electrothermal heating induced forces
can be assessed inside the isoDEP device to visualize its effect in order to eliminate
its affect in the new designed devices.

The most significant undesired electrohydrodynamic force that occurs in an isoDEP
device is derived from electrothermal (ET) hydrodynamics (Fig. 1.2) [16-18]. There-
fore, purpose of this manuscript is to develop design rules for the geometrical con-
figuration of an isoDEP system and develop scaling laws [19] to minimize ET flow



relative to isoDEP-induced particle translation for both microelectrode and insula-
tive platforms. These design rules are based on analytical predictions, putting into
account how the DEP and ET velocity scale with electrode size, applied voltage,
fluid conductivity, and the size of the particles. This approach can be applied to
other DEP systems that want to reduce unwanted ET flow. Reducing unwanted elec-
trohydrodynamics enables analytical applications of DEP to electrically characterize
cells.

Figure 1.2. (Left) A microscopic image of 2 pm fluorescent particles inside isoDEP
device showing formation of bubbles. (right) PIV vector analysis of the isoDEP device
demonstrating formation of vortices.

2 Electrical Characterization of Phytoplankton

Phytoplankton are photosynthetic micro-organisms that play an indispensable role
as indicators of the health and possible changes in most marine ecosystems. As
autotrophs they form the basis of most aquatic food chains, and changes in their
population health and productivity can have far reaching impacts [20, 21]. Due
to their small size and fast metabolism, phytoplankton are the first to respond to
environmental changes and can be used to predict how those changes, such as nutrient
concentrations, dissolved oxygen, toxin presence, and even weather changes [20] will
affect the wider ecosystem . As a result, they are often used as biosensors of a wide
range of pollutants, including herbicides, pesticides, and toxic metals [22].

As the primary producers of most marine ecosystems, phytoplankton populations
are a food source for a variety of marine life, from microscopic zooplankton to multi-
ton whales [20]. Small fish and invertebrates feed on phytoplankton, and are then
eaten by larger predators [20]. As a result, phytoplankton abundance directly affects
the trophic structure of aquatic ecosystem. Phytoplankton population changes can
also affect other marine life through “blooms”, or periods of explosive population
growth. Certain species of phytoplankton produce biotoxins and can cause toxin
blooms that can kill marine life and contaminate seafood. Even non-toxic blooms



can be harmful, as the rapid growth and subsequent death depletes nutrients and
oxygen, resulting in dead zones.

Electrochemical impedance spectroscopy (EIS) is a nondestructive tool that used
to detects cellular response to the application of an AC signal over a frequency range
[23]. EIS is a nondestructive, high throughput, characterization tool for studying cell
behavior which can be used in sequence with other assays such as staining. EIS has
been widely used to measure the dielectric properties of cell suspensions. It has been
intensively used to monitor cell culture health, metabolism, viability, and proliferation
(Fig. 1.3 [24, 25].

Day0 Day 1
I._ug-u 238600
AZ
time
e e ’
Cellfree Cell attachment Adhesion/Growth GPCR stimulation
Adhesion of mom'w T Paracellular current
Medum “ Transcellular current
—

by e PUPPIERE R & -

Gold edectrodes

Figure 1.3. Illustration for the EIS-based assay for the detection of cell adhesion
and growth. Reproduced from [1].

The purpose of analyzing the EIS data is to derive and characterize a load’s (i.e.,
cell suspension) electrical parameters and, although it doesn’t directly measure phys-
ical phenomena, it is a reliable and sensitive technique [23]. To interpret impedance
spectroscopy, a physio-chemical or measurement model must be used. Measurement
modeling involves building a model using mathematical functions to explain the ex-
perimental impedance using a best fit method [23]. This method involves using good
biological knowledge for cells in suspension in order to model their experimental data
using equivalent circuit elements, such as resistors, capacitors, and inductors. The
equivalent circuit method is simple and straightforward, but lacks high accuracy,
which can cause inconsistency and degeneracy [26]. Physio-chemical modeling links
the measured impedances and the measurement model to physio-chemical parame-
ters of the process which provides higher accuracy than simply using an equivalent
circuit, but obtaining the modeling parameters is highly complex and can lead to
over-parameterization [26]. Once the circuit model is established, it can then be



used to track changes in electrical properties of a sample under test which indicate
physiological changes inside the sample.

3 Investigating The Role of Late Embryogenesis abundant (LEA) Proteins

Anhydrobiosis, or ”life without water,” is a remarkable state of life where an or-
ganism has lost virtually all cellular water but is able to resume its life cycle upon
rehydration. Understanding the molecular mechanism governing anhydrobiosis may
lead to profound advances in engineering crop-desiccation tolerance and the ability to
store biomedical relevant cell and tissue samples in the desiccated state as alternative
to cryopreservation. Anhydrobiosis-related intrinsically disordered (ARID) proteins
are found in all known anhydrobiotic species, spanning all domains of life, and have
been linked to the successful entry and exit from anhydrobiosis, but the molecular
mechanisms that lead to an increase in desiccation tolerance remain enigmatic.

The ability to enter and exit anhydrobiosis relies on an array of molecular mecha-
nisms designed to repair and protect various cellular structures and macromolecules
(e.g., DNA, RNA, proteins, membranes, etc). Common anhydrobiotic strategies ob-
served in animals include the accumulation of protective osmolytes, particularly tre-
halose, as well as the expression of a variety of ARID proteins, including late embryo-
genesis abundant (LEA) proteins [27, 28]. LEA proteins were originally discovered
in plants, and predominantly occur in the late embryogenesis stage of anhydrobiotic
seeds but were later also found in other plant tissues and in anhydrobiotic animals
[29]. Several sequence-based grouping methods for LEA proteins have been described
and this work will adapt the grouping scheme proposed by Tunnacliffe and Wise as
a means to classify and organize groups of LEA proteins [30].

DEP is a very good candidate that can be used to gain insights into the molecular
mechanisms of protection during water stress conferred by AfrLEA3m and AfrLEAG;
two ARID proteins from the anhydrobiotic brine shrimp, Artemia franciscana.

Research Objectives

The proposed work herein entails the design, fabrication, characterization, and ap-
plication of various microfluidic electrokinetic or field-based analytical platforms in-
cluding electrode and insulator-based isoDEP devices, other DEP configurations, or
electrode-based impedance spectroscopy systems. The design and fabrication of the
isoDEP devices were based on the investigation and assessment of electrokinetic forces
in an isoDEP analytical system to enhance its operation as well as maximize the DEP
force relative to other unwanted electrokinetic forces by introducing design parame-
ters for a specific isoDEP device. The isoDEP devices were then used to characterize
and differentiate phytoplankton cell species that have been cultured in two different
culturing environments with controlled nitrogen abundance. To operate the plat-
form at high frequencies (> 10 MHz), custom-built amplifier is designed to ensure
high amplification at higher frequencies as well as, facilitating the portability of the
platform. The isoDEP operation and performance was compared to other DEP plat-



forms including a commercially available system (Labtech International, East Sussex,
UK). Also, further cell characterization techniques such as electrorotation (ROT) and
electrochemical-based platforms were investigated. The specific objectives include:

1. Design, fabricate, and optimize the isoDEP chip/platform

2. Assess electrohydrodynamic forces that hinder the operation of an isoDEP de-
vice in order to maximize the DEP force

3. Characterize and differentiate between healthy and non-healthy phytoplankton
cell species

4. Compare the contrast isoDEP device with electrorotation (ROT), electrochemical-
based cell characterization techniques, and 3DEP (Labtech International, East
Sussex, UK)

5. Utilize DEP-based technique to investigate the role of late embryogenesis abun-
dant (LEA) proteins roles in desiccation tolerance in AfrLEA3m and AfrLEAG;
two ARID proteins from the anhydrobiotic brine shrimp, Artemia franciscana

Table B.1 (Appendix B) lists the specific aims and their respective tasks with the
current status of each task.

Dissertation Structure

This dissertation is organized in six chapters where Chapter 2 presents relevant DEP
background including isoDEP for particle manipulation and its role in biomedical
application as a tool for cell characterization with a review of theory and fabrication
methods for several applications. Chapter 3 introduces the fabrication methods to
achieve an iSoODEP device. Additionally, complications and challenges in those fabri-
cation processes are discussed. An assessment for electrothermal hydrodynamic forces
within isoDEP device operation are investigated and, scaling law analysis and design
parameters are developed for isoDEP device are derived to maximize the DEP force
over these unwanted effects. Chapter 4 introduces two alternative characterization
techniques for cell analysis. First part introduces impedance spectroscopy as a tool to
differentiate between phytoplankton cells cultured in different nitrogen abundant en-
vironment. The underlying theory and equivalent circuit modeling that was utilized
to extract cell parameters is described. The second part of the chapter discusses the
role of electrorotation in characterization of M17, HEK293, T-lymphocytes cells. At
the end of the chapter, a comparison between the resolution of each characterization
techniques are compared with isoDEP device. Chapter 5 discusses the utilization of
dielectrophoresis-based characterization platform for investigating the role of LEA
proteins in desiccation tolerance in Artemia franciscana KC167 shrimp cells. Within
this chapter, the validation of the dielectrophoresis-based platform was deliberated by
comparing a confocal microscopy. Chapter 6 provides a concluding statement of the
novel findings and limitations of isoDEP platform, in addition to a brief description
of the future work that can proceed from this project.



CHAPTER I1

ISOMOTIVE DIELECTROPHORESIS FOR PARTICLE ANALYSIS

This chapter discusses the theory of dielectrophoresis, isomotive dielectrophoresis as
well as the advances in the field up to date. Some content (section 2) of this chapter
is adapted from published work [31]

Introduction

The first integrated silicon chip was demonstrated over 60 years ago by scientists
at Texas Instruments [32], who were able to miniaturize bulk electronic components
such as transistors into a microscopic version that can be integrated in large num-
bers to achieve more complex calculations. Later on, researchers from other practices
believed they can follow the same miniaturization trend to achieve patch and low
cost fabrication [33]. Mechanical devices proved to be promising tools for chemi-
cal analysis and synthesis thanks to the obvious advantages of miniaturization of
portability, lower cost consumption, shorter response time, less pollution, better pro-
cess control etc.This trend, working hand in hand with development of lithography
based micro- and nano-technology, revolutionized the field of multiple laboratories
per chip or Lab-on-a-chip (LOC), which is also refereed to as Micro-total analysis
system as well (uTAS).Research in LOC systems is extended towards fluid, droplet,
and nanoparticles as well as proteins, DNA and virus [34-36]. One advantage of the
LOC applications, the ability to effectively, dynamically and accurately manipulate
and separate micro- and nano-scale particles in an aqueous solution is quite appealing
in chemical, medical and biological fields. Among the technologies that have been
developed and implemented in microfluidic microsystems for particle manipulation
and separation, such as (I) mechanical manipulation of bioparticles (i.e., plasma [37],
blood cells [38], and circulating tumor cells [39]) based on size has been achieved
by fabricating constriction structures within the microchannel (i.e., pillar [40] , weir
[41], and through-holes [42]). Despite several advantages these filter-based microflu-
idic devices have such as reproducibility and high labeling efficiency, there are many
challenges including clogging, the heterogeneity of cell sizes within a population, foul-
ing, and limited selectivity for biological assays. (II) acoustophoresis which is based
on the concept that particles suspended in fluid experience an acoustic radiation force
when they are exposed to an ultrasound. There are several applications regarding
that combine laminar flow with an ultrasonic standing wave field with to separate
yeast cells [43], blood cells [44] different-sized particles [45-48]. (III) optical trap-
ping including optical tweezers and advanced techniques such as Rapid Electrokinetic
Patterning (REP) [36] could tether biological molecules and particles in sub-micron



domain, which have been widely used as a tool for the manipulation and trapping
of particles [49-52], however, its application in microfluidics is still limited due to
the expensive instrumentation, complex operation,and complicated setup. (IV) hy-
drodynamic technique which presumes that at a low Reynolds number, particles will
follow fluid streamlines, which has been applied within microchannels having micro-
obstacle arrays, multiple side branch channels, or a pinched segment. Separation of
blood plasma from the blood cells, malignant lymphocytes from healthy lymphocytes,
different-sized polystyrene particles [53-58]. (V) magnetophoresis which is a label-
based and passive method that is achieved by selectively bonding cells with magnetic
beads, and then separating them by applying a magnetic field, in addition, the intrin-
sic magnetophoretic properties of particles or cells have been employed for separation
and purification of living cells , red and white blood cells from whole blood [59-65].
(VI) Coulomb force and dielectrophoretic force, have been used to manipulate par-
ticles. A Coulomb force is responsible for induced movement of the charged particle
generated by the interaction between the net charge on the particle and the applied
electric field, this induced translation of the particle is known as electrophoresis (EP).
Several the biological applications of EP have been well studied and demonstrated
[66-69], However, for biological particles that are electrically neutral, EP may not
applicable due to the absence of net charge.

Dielectrophoresis (DEP) force that arises from the interaction between the par-
ticle’s dipole and a nonuniform electric field, can be used to manipulate neutral
particles. DEP has attracted most attention due to its great advantages may prove
to be the most popular method, because of its label-free nature. Unlike other tech-
niques, DEP depends on the dielectric properties, which represent the structural,
morphological, and chemical characteristics of bio-particles, allowing highly selective
and sensitive analysis. DEP manipulation is straightforward and fully controllable
by varying the frequency and magnitude of the applied electric field or the electric
conductivity of the suspending medium. DEP is also easily and directly interfaced
to conventional electronics, and can be used in the fabrication of LOC devices.In
addition, DEP enables contact-free manipulation of particles with lower sample con-
sumption and fast speed. DEP, first adopted by Pohl [70], is the translation of a
polarizable particle when subjected to a non-uniform electric field. Hence, one re-
quirement for the DEP force to be induced is the non-uniform electric field generated
within the microfluidic device. Non-uniform electric field can either be generated by
means of (i) insulator structures or (ii) by specially designed microelectrode arrays.
Both the suspending medium and the dielectric particle become electrically polarized
in an electric field, which separates the electric charge at the interface between liquid
and solid. Depending on the relative polarizability of the suspending medium and
particle, a net dielectrophoretic force will either repel the particle towards the re-
gion of lower electric field gradient (negative DEP) Fig. 2.1B, or attract the particle
towards the region of higher electric field gradient (positive DEP) Fig. 2.1C. The
frequency at which this transition occurs (i.e., the frequency at which DEP force
becomes zero) is called the cross-over frequency (COF).

One of the important applications of DEP is the selective separation of bio-



&
Gl

Neutral
Particle

+V +V +V

Uniform Field Negative dielectrophoresis Positive dielectrophoresis

Figure 2.1. A schematic showing the difference between a particle suspended within
a parallel plate and a point-plane electrode system. When the particle polarizes, the
interaction between the dipolar charges with the local electric field produces a force.
(A) No net forces. (B) Negative DEP net force (nDEP). (C) Positive DEP net force
(pDEP).

particles, since DEP depends on the bio-particles’ intrinsic electrical properties, elec-
trokinetic manipulation techniques do not require any labeling. As mentioned previ-
ously, dielectric properties of a bio-particle depend on the morphology and chemical
composition of the internal matrix of the bio-particle. Therefore, each bio-particle
has its own dielectric signature that has been demonstrated for a variety of cells [71]
Pohl. 1975, was the first to carryout the separation of viable and non-viable yeast
cells, later he extended the experiments to separate other biological particles includ-
ing red blood cells, canine thrombocytes, bacteria etc. By utilizing microelectrodes
array design, Becker group, [72], performed a separation of human breast cancerous
cells from normal blood cells utilizing the flow separation method. That is, a flow
is used to carry two types of different cells in a microchannel. One type of cells is
trapped on the electrode arrays located at the bottom of the channel, and the other
type would be brought out of channel by the flow. The disadvantage of this strat-
egy is the cell adherence to the electrodes need to be collected after the separation,
Therefore, strategies combining the separating and collecting processes are of interest
recently. Yang, et al. [73], performed the separation of human breast cells mixture
with blood cells utilizing dielectrophoretic-field flow fractionation (DEP-FFF), which
benefits from the velocity gradient in the flow profile to achieve a high selective sep-
aration. DED-FFF is another strategy in which a carrier flow is introduced with dif-
ferent speeds at different heights from the bottom surface. Cells are repelled from the
electrodes under a negative DEP force. The cells with different dielectric properties
would be found at different heights and therefore travel at different speeds with the



flow. However, the cells probably enter the channel with a Gaussian-shaped distribu-
tion which may cause overlap between the sub-populations of cells after separation..
Gascoyne’s group managed to separate various cancerous cells from blood cells and
normal murine erythrocytes from erythroleukemia cells and measured their dielectric
properties by changing the frequency of the applied electric field till it reaches the
COF of either of the cells [74]. Successful Separation of a mixture of bacteria was
such as Bacillus subtilis E. coli bacteria, and Micrococcus luteus was performed by
Markxa group [75]. Morgan, et al. [34] [76], demonstrated a separation of erythrocyte
and leukocyte cells utilizing traveling wave DEP (TW-DEP), which is another recent
and popular strategy in which electric fields rather than flow is used to give the cells a
mean longitudinal velocity. Several applied electric fields are applied with continuous
phase shift to give particles DEP forces in both vertical and horizontal directions.
The applications of DEP are very much to mention in one article, Moreover, a lot of
research has been done in DEP manipulation of a variety of subimcron- and nano-
particles [77-79], proteins [80], DNA [81, 82] deoxyribonucleic acid [81], viruses [78],
stem cells [83, 84], cancerous cells [85]. Recently DEP has been used to develop the
fabrication of electronics by separation between metallic and semi-conducting single
walled nanotubes (SWNTs) [86]. Metallic SWNTs are deposited to create thin film
[87] while semiconducting SWNTs were used to fabricate electric transistors [88].
Relevant discussions about DEP and its application can be found explicitly in these
literature reviews [89-98]. Although there are distinct advantages in using DEP to
manipulate, concentrate, and sort particles, most of these applications did not fully
utilize the analytical capabilities of DEP to measure particle’s frequency-dependent
response to the applied field. Hence, particle’s phenotype can be concluded with
higher throughput relative to existing techniques which perform extensive cell anal-
ysis. Such capabilities have been utilized by Allen, et al. [15], through electrokinetic
analysis detailed dielectric measurements of individual cells is possible such that (i)
cell sub-populations can be identified and/or (ii) variants within a cell population can
be measured. Other merging commercially available analytical DEP systems of 3DEP
(Labtech International, East Sussex, UK) and ApoStream (ApoCell, Houston, TX)
verify such advantages and capabilities. The proposed work herein describes assess-
ment of electrokinetic forces in an isoDEP analytical system to enhance its operation
as well as maximize the DEP force relative to other unwanted electrokinetic forces by
introducing design parameters for a specific isoDEP device. However, a fundamental
understanding of DEP theory and other electrokinetic mechanisms is needed in order
to provide a proper comparison of the isomotive dielectrophoresis (isoDEP) device
[15] with existing techniques as well as develop the scaling law analysis for the isoDEP
device.

Theoretical preliminaries
A brief derivation of the dielectrophoretic force analysis with a spherical homogeneous

particle will be discussed here. Both the suspending medium and the particle are
considered to be dielectrics, that is, materials that contain charges, which polarize

10



under the application of an external electric field. Because of the polarization of
the particle and the medium are different, the surface charge at the interface between
two dielectric materials is frequency dependent. A process known as Maxwell-Wagner
(MW) interfacial polarization [99] explains the frequency dependent behavior of such
systems.

1 FElectrostatics

For materials such as a biological or polymeric microparticles, this polarization largely
involves the contribution of two charging components: (i) conductive component rep-
resented by the physical movement of free charges and (ii) dielectric displacement
component represented by the field-induced perturbation of bound charges. Physi-
cally, surface charges induced at a particle interface are composed of free (conductive)
and bound (dielectric) charges. Hence, this dual-charging behavior can be modeled
by considering the material as a lossy dielectric, that is a material that has both a
permittivity (¢) and conductivity (o) The total current through this material is the
same as if it were replaced with an equivalent electrical circuit comprised of a loss-free
capacitor in parallel with a resistor,and is given by the sum of the current, I, through
the capacitor (I¢) and the resistor (Ir) at a harmonic field with an angular frequency
w (0/0t = 1w) [100] as

Vv dVv A
where V is the voltage drop across the circuit, i = —1, w = 27 f is the angular
frequency of the AC electric field, where f is the ordinary frequency given in Hz, and
R = (1/0)(d/A) and C = €4 are the resistance and the capacitance of the material,
and A and dare the area and separation of the capacitor plates respectively. We can
then write I as " . "
1w 10 twAe*
=" |e——= V = Vv 2.2
d (6 " ) x d (22)

Hence the relationship between the applied voltage and the experimentally observed
current [ is governed by the material’s complex permittivity, €*, defined as
10
€ =€— — (2.3)

w

As we can see from Eq.(2.3), low frequency polarization is dictated by electrical
conductivity. However, as electrical conduction involves the macroscopic movement
of charge carriers (typically ions), there is a finite velocity at which ions can be
conducted across the material. At high frequency, when ion conduction does not have
time to occur, the polarization is driven by permittivity. The complex permittivity
models the polarizable material as the electric equivalent to a resistor in parallel with a
capacitor, which captures both low frequency conductive and high frequency dielectric
charging mechanisms. AC frequencies between these two extremes are the key point
of most DEP separation applications due to the different COF values attributed
to different cellular dielectrophoretic behaviors. When an external electric field is
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Figure 2.2. Schematic representation of different models used for derivation of the
field induced dipole moment (P) used to derive the DEP force. (A) Homogeneous
spherical particle ,fprp. (B) A single-shelled sphere showing a core (Cytoplasm)
and outer shell (plasma membrane), with radii 71,73, and membrane thickness. (c)
Single-shelled ellipsoidal model for various cells with semi-axes a > b > c .

applied, charge of opposite sign accumulates at either side of the particle interface
and forms an induced dipole around the particle.The induced dipole strength and
direction depends upon the frequency and magnitude of the applied electric field,
and on the electrical properties of both the the suspending medium and the particle.
To determine the DEP force on the particle, we first have to calculate the particle-
induced dipole moment which can be modeled using the simple well-known effective
dipole method [99].

1.1 Effective dipole method and DEP force derivation

First, a spherical isotropic homogeneous particle, suspended in an electrolyte medium,
with its center at the origin, is exposed to an electric field E. Hence, the problem
becomes axially symmetric and 2-D in spherical polar coordinates. The field is as-
sumed uniform far from the origin, and the potential both inside the particle (¢p)
and outside the particle (¢,,) can be calculated by solving the Laplace equation for
each region (Fig. 2.2A). The Laplace operator in spherical coordinates is given by

10 0 1 0 0 1 0?
2 [ 2= —— | sing— S —— 2.4
v ror (T (97") +r28in980<sm 39) +r28in293¢2 (24)
where r, 8 and ¢ are the radial, polar and azimuthal coordinate variables. Due to

polar axial symmetry, the azimuthal term in Eq.(2.4) is zero, and solutions ¢, and
¢, are given by

¢p = Brcosf — Ercosf for r <R (2.5)
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A

¢m = — costl — Ercosf for r>R (2.6)
,

where R is the particle radius. The constants A and B are determined by the appro-

priate boundary conditions at the particle-medium interface. First, we require the

potential to be continuous across the interface
dm—¢p=0 at r=R. (2.7)
Second, to satisfy charge conservation across the interface, its required to satisfy

Jm—Jp—F%:O at r=R. (2.8)
ot

recalling Ohm’s law, Jp = 0,Ep and J,, = 0,,E,, are the normal ohmic current
inside and outside the particle. Physically, the ohmic current describes the conductive
charging component from mobile charge being driven to the interface by the electric
field. The field-driven induced displacement of the free unpaired surface charges due
to the dielectric polarization,is represented by o;. The displacement current due to
these charges is

ek, —enby, =0y at r=R. (2.9)

Hence, the total current (conduction + displacement) at the interface,can be calcu-
lated by combining Eq.(2.8) and Eq.(2.9) to be
do, don,

*
epE €

" ;dn at r=R. (2.10)

Physically, Eq.(2.10) describes how the normal component of the electric field, %, at
the particle surface changes such that ei% remains continuous across the interface.
Employing boundary conditions given by Eq.(2.7)and Eq.(2.10) with Eq.(2.5) and
(2.6), the solution coefficients A and B are then

€ —e 3e*
€p €m Ep €m

The medium potential function Eq.(2.5) is thus given as

€ — €
Om = — (p—) Ercosf + Ercosf (2.12)

* *
€, + 2¢,

As we can see, Eq.(2.12) is the linear sum of the electrostatic potential due to the
induced external field (Er cosf) (second term) and electric dipole (first term). The
first term is the potential generated outside a lossy dielectric sphere, polarized by an
imposed field E. Here, due to the imposed polar symmetry, the electric dipole term
in Eq.(2.12) is physically identical to the potential produced by a finite two-point
dipole, that is, two point charges (+¢q and —q) separated by a distance vector d.
The electric potential due to such a two-point dipole, @gipore, With an effective dipole
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moment P in a dielectric medium of permittivity €,, can be derived from Coulomb’s

law and given as [99]
pcos
=" 2.13
47e,,r? ( )
Comparing the induced dipole term in Eq.(2.13) to Eq.(2.12), the effective field in-

duced dipole moment of the particle is

¢dipole

* *
€ — €m

* *
€, + 2¢,

P= 47reLR3( )E = 47 R*(fom) E (2.14)

where f.p, is the Clausius-Mossotti (CM) factor which provides a measure the effective

polarization strength.
€ — €m
cm — 2.15
/ (e; + 2€, ( )
By summing all the electric forces acting on the positive and negative charges con-
stituting the dipole moment, p, the net DEP force acting on the particle can be
obtained. If the field is uniform, the total force on the particle will be zero, as the
electric force on the two charges (+¢ and —¢q) will completely cancel one another.
However, If the electric field is nonuniform, the two charges will experience different
values of the imposed electric field, and the induced dipole will experience a net force,
and this the main mechanism of DEP technique.

An important key assumption that the induced dipole moment is small compared
to the length scale of the electric field non-uniformity. Physically, this occurs when
the particle radius is much smaller than the characteristic separation length of the
applied voltage (i.e., the electrode separation length).If this is valid, then the force
on such a small dipole is [99]

fDEp =p- VE (216)

Employing an exponential time dependence e/“! for the electric field, the instanta-
neous applied field at time ¢ and location r is given by

E(r,t) = Re[E(r)e’], (2.17)

where 2 = —1 and Re]...] is the real part of the complex phasor £ = F coswt +
1Esinwt. By using this notation, we are essentially accounting for contributions from
both the magnitude and the phase of the electric field to the induced dipole moment,
as the field is moving sinusoidally in time. Combining Eq.(2.14) and Eq.(2.17), and
taking the time-average, we obtain the well-known time-averaged DEP force for a
lossy spherical particle

{foep) = 27€n R? Re[fun] V| E|? (2.18)

Equation 2.18, is a dipole approximation and higher order multipole terms are ne-
glected, multipoles should be incorporated for systems where the length scale of the
electrode geometry is on the order of the particle size being manipulated [101], which
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is not the scope of this work. It also assumes a stationary field; however, if there is a
spatial non-uniformity in the electric field’s phase 1, the extended DEP force is given
by

(foEp) = 2m€n R’ Re| fo|V|E* +4men RE I fon) (E2N )y + E. VY, + B2V, (2.19)

The second term in Eq.(2.19) is dependent on the imaginary part of the Clausius-
Mossotti factor and the spatial non-uniformity of the field’s phase. In particular, a
rotating field will induce particle rotation, which electrorotation (ROT) technique is
based on. As discussed earlier, the total charging current contains elements of both
macroscopic movement of free charge (conductive polarization) and displacement of
bound charge (dielectric polarization) at the particle—medium interface. The net
direction and magnitude of the induced dipole moment, and the resulting DEP force,
depends upon these two charging mechanisms, which are captured in the frequency
dependent CM factor, fe,. Where Re[fey] value is between +1 and -0.5 (Fig .2.3
Left). When f., is positive, the induced DEP force displaces the particle up the
field gradient towards regions of high electric field intensity, known as positive DEP
(pDEP). If f., is negative, the particle will be displaced down the field gradient into
regions of low field intensity, known as negative DEP (nDEP). The frequency where
the CM factor equals zero is known as the COF, which, as we shall see, provides a very
useful way to experimentally characterize cells using DEP.As conductive polarization
involves ion migration, it is limited by the speed at which ions can electro-migrate
to the particle interface. Typically, the mobile ions take a few microseconds to reach
equilibrium, and at low frequency they can keep pace with the changing field. How-
ever, at a high enough frequency, the charges will not have enough time to respond.
Dielectric polarization, on the other hand, involves relatively fast charge segrega-
tion at the molecular level. Consequently, conductive polarization is favored at low
frequency below the characteristic inverse MW relaxation timescale, 1/,

1 1 (fop+ 20,

< €p + 2€m
while dielectric polarization dominates at high AC frequency. The COF separates
these two distinct, and often competing, polarization mechanisms where dielectric
polarization begins to overtake conductive charging, a phenomenon known as dis-
persion. A particle with a greater conductivity (o, < 0,,) and lower permittivity
(¢, < €n) than the suspending media. Below the COF, charge will be driven to
the particle interface via conductive polarization. In this case, because the particle
is more conductive than the media, more charge will build up just inside the par-
ticle interface than outside, and in a non-uniform electric field, the particle will be
displaced to the high field region (pDEP). If the frequency is increased such that it
exceeds ~O(1/tMW), the free charge will no longer have enough time to respond.
As such, the induced dipole magnitude and direction will be driven by the polariza-
tion of bound charge. Because the particle permittivity is less than the media, more
charge will begin to accumulate just outside the particle interface, and if placed in

a non-uniform field, the particle will now be driven to regions of low field intensity
(nDEP).

) ~ COF (2.20)

TMW 2T
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Figure 2.3. Schematic representation of the Clausius-Mossotti factor (fem): (Left)
using a homogeneous spherical particle model. (Right) using two-shell dielectric
model, indicating regions wherein each sub-cellular phenotype dominates. (Right)
reproduced with permission from [102]

1.2 DEP-shell model

The CM factor given in Eq.(2.14) is valid only for homogeneous spherical particles.
Biological particles, however, are often complex, non-spherical, heterogeneous struc-
tures with a cell membrane, cytoplasm and internal organelles, each possessing their
own distinct electrical properties. When working with biological particles of this na-
ture, the DEP model must be modified to account for these differences. The above
theoretical approach can be expanded to account for differences in cell shape and
the presence of a cell membrane and internal cell structures. Irimajiri, et al.[103],
developed this “multi-shell” model by considering each structure (cell membrane, cy-
toplasm, nucleus, etc.), Fig. 2.2b, as a homogeneous particle suspended in medium,
with the medium itself modeled as the layer surrounding it. In this process, each layer
in the cellular domain is modeled as an individual electrical shell. As mentioned ear-
lier, the effective dipole method is again applied to the multi-shell domains. As shown
in Fig. 2.2b, the cell membrane introduces a second interface that can undergo MW
polarization and produce an additional dipole moment. As such, biological particles
commonly have at least two MW relaxation processes, which, as expected, can often
lead to at least two crossover frequencies. The single-shell model is developed by first
considering the electrostatic potential in each of three domains: the cytoplasm, the
cell membrane and the suspending media. Assuming each domain is satisfied by the
Laplace equation, and employing the same boundary conditions given in Eqs.(2.7)
and (2.10) for each of the two interfaces, we can solve for the induced electrostatic
potential in each domain. However, in this case two interfaces are considered: the cell
membrane-medium and the cytoplasm-membrane, and each one must be considered
separately. The new expression for the DEP force on a single-shelled lossy spherical
particle is given by

€ e — €
<fDEp> = 27remR3Re (*eff—n:

E? 2.21
e ) viEE (2.21)

where an effective complex permittivity of the shelled particle €;,, replaces €, in
the CM factor given in Eq.(4.15). Hence, the electric potential outside the layered
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particle is identical from that of a homogeneous sphere. The charging characteristics
of both interfaces are therefore captured in the effective complex permittivity term
€rpp > given as [99, 100],

3 € 1 —€n
r2 cyt mem
( r1 ) + 2 €*

€=, ( e (2.22)

*
6cytiem,ern

* *
6cyt—"_2€7ne'm

V_2)3_{_

1

where €., and €;,, are the complex permittivity of the cell membrane and cytoplasm,
respectively, r; and ry are the inner and outer cell radii as determined by the cell
membrane thickness. The most important characteristic of DEP for particle analysis
is that by tracking the magnitude and direction of DEP-manipulated particles over
a range of applied AC frequencies, the dielectric properties of the particles can be

extracted and subsequently used for cell population identification or analyses.

1.3 Non-spherical cells DEP model

DEP behavior of the viable and non-viable yeast cells was described by single-shell
DEP model [104], recently Oblak, et al. [105], used this model to quantify the electri-
cal properties between normal and electroporated mouse melanoma cells. However,
bioparticles are non-spherical in nature. For example, bacteria have a rod-like cylin-
drical shape and erythrocytes are usually discoid in shape. Although some Phyto-
plankton species’ cells are spherical in shape, Fig .2.4a. However, different species of
Phytoplankton cells, Fig .2.4b,c, are non spherical in nature. As one of the main aims
of this work to characterize the dielectric properties of phytoplankton, a quick deriva-
tion of the non-spherical DEP model will be discussed briefly. Unlike the spherical
case, the dipole moment for a non-spherical cell differs along each semi-axis a, b and
¢, as shown in Fig. 2.2c. Since each axis has a different dispersion, the particle ori-
entation in response to the electric field can vary according to the frequency applied.
A rod-shaped particle at low frequencies, may experience pDEP, hence will align its
longest axis parallel to the electric field. The induced charge along this axis has the
greatest effective dipole moment and will exert the greatest torque on the particle.
As the frequency is increased and the long axis dipole begins to disperse, the particle
will rotate 90 degrees and align perpendicular to the field [106] . To account for
differing polarization along each axis, a new term known as the depolarization factor,
A, which represents the different degrees of frequency dependent polarization along
each axis of the non-spherical cell, for the axis «, will be defined as the elliptical
integral [35],

b [ d
Aja:M/ —S where i, =a,1,=0, i, =c
’ 2 Jo (s+i2)R (2.23)

and R = /(s +a2) + (s + b2) + (5 + c2)

At high and low frequency, the long axis of the cell will always be aligned parallel
to the electric field as the dipole moment across the long axis trumps the short axis

17



Figure 2.4. Microscopic images of Phytoplankton species. (A) Spherical Chlamy-
domonas reinhardtii algae [107] . (B) Navicula boat shaped algae. (C) Selenastrum
Reinsch algae, cashew nut shaped. Reproduced from [108]

at these two frequency extremes. At intermediate frequencies, however, the cell can
sometimes be observed to flip spontaneously to a new orientation as one induced
dipole moment becomes dominant over another axis. Hence, the modified CM factor
for an ellipsoid, for the axis « will be

(Fam)a = el s Cmem (2.21)

e (Gfo —€r)Aa + €, '

where €7, this time, is the effective complex permittivity of the cell. As expected,
this is also a function of A,,

e — ejjnem + (EZyt mem)[AQOt + /U(]' - AlOé)]
eIre e e + (Gzyt mem)[AZCY - VAla]

mem

(2.25)

where v = r%c/[(r + d)?*(c + d)] is the volume ratio of the cell exterior to interior,
Ay, describes the axial polarization from just inside the membrane to infinity and
Apq is the result from evaluating Eq. (2.23) from just outside the membrane edge to
infinity.

Typically, most publications involving non-spherical particles often model the fre-
quency dependent DEP force along the major axis only, as the minor axis will often
be unstable in alignment due to the much smaller axial length scale and resulting
dipole moment. Hence, this model can be further simplified by analyzing the CM
factor along the major axis. Figure 2.4, demonstrates the implementation of this
model to extract the dielectrophoretic properties of non-spherical cells,indicating the
regions wherein sub-cellular phenotypes dominates at different applied frequencies.

Further analysis, implementations, and applications including red blood cells,
yeast, cylindrical bacteria, cardiac myocytes, and viruses for this model can be found
explicitly in these reviews and book [35, 99, 100, 109-112].

2 Isomotive Dielectrophoresis (isoDEP)

In this section, the status of iSoDEP is presented with a highlight on the progress
that has been achieved over the past 60 years in various avenues of isoDEP since Pohl
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initially described its premise. Since H.A. Pohl introduced the theory of isoDEP, nu-
merous authors have implemented isoDEP as a tool for the manipulation, sorting,
separation, and characterization of polarizable particles without the need for bio-
chemical labels or other bioengineered tagging. The growing field of microfluidics
and electrokinetics has renewed interest in iSoDEP, particularly for analytical char-
acterization or separation of particles based on their trajectories.

As mentioned previously, the dielectric properties of the particles can be measured
based on a particle’s frequency-dependent response to the applied field. However,
one challenge is that the electric field itself typically produces a significantly non-
uniform force throughout the observation region, this is particularly true for co-planar
electrodes [113]. Thus, particles of the same type but at different locations in the
microchannel will be subjected to different DEP forces, which is proportional to the
gradient of the field-squared (VEZ2 ). However, if VE? _ is constant then these
particles will be subjected to the same DEP force no matter where they are located
in the microchannel. A dielectrophoretic system where VE? _ is constant is termed
isomotive dielectrophoresis and first demonstrated by H.A. Pohl [114]. The following
section will show how to derive the solution of an isoDEP field.

2.1 Theory

In reviewing the status of isoDEP theory, it is instructive to examine how to derive
a constant gradient of the field-squared (VEZ, ). Recell that The time-average DEP
force (acting on a homogenous spherical particle) is typically expressed as in Eq.(2.18).
To generate the isomotive DEP field, i.e., to obtain a constant VEZ2 _, the electrical

potential will take the following form [15, 114] (in cylindrical coordinates)

V = Ar"sin(nf) (2.26)
where A is a constant. Since E = —VV we have
oV 1,0V 4
E=(—=—)r+ (=)0 2.2
G+ () (2.27)
Eums = Ar" sin(n6)7 + cos(nd)d] (2.28)
Er2ms = Eis - Ers = n2A2T2n_2 (229)
VE?  =2n*(n—1)A%r*" 3 (2.30)
In order for the gradient of the field-squared to be constant, n = 3/2 such that
Vs = (;A)zf (2.31)
A substitution of k£ = %A yields
FDEP = 47rema3 Re[ch(w)]sz (232)
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where the constant DEP force is applied in the radial direction. Hence, the equation
describing the surfaces of constant potential in this isomotive field is

V- (%)kr% in (3 5) (2.33)

To avoid multiple mathematical solutions, limits on 6 will restrict the defined region
to be a function of 22m = 7 i.e., 120° < 0 < 240° [? ]. Figure 2a shows graph of the
equipotential lines that obeys (Eq. 2.33). By placing metallic electrodes along the
indicated equipotential lines (solid lines, Fig. 2.5a) and applying potential difference
between them, the desired isomotive field will occur everywhere between the elec-
trodes. Hence, particles traveling along the x-axis will be subjected to the same DEP
force (Fig. 2.5b). Contributions due to multipole effects are negligible outside of a
region within a few particle radii about the origin [115]. Two-electrode isoDEP sys-
tems can be created (Fig. 2.5¢) knowing that V' = 0 along # = 0° and 120°. Further,
and isoDEP field can be created using the same curvature with insulative features

and applying a potential through the channel itself [15].

2.2 Technical Realization Platforms for isoDEP Devices

The isomotive dielectrophoresis field can be produced by either using patterned mi-
croelectrodes or insulative microchannels designed with a specific curvature. For
either case, a particular isoDEP device is characterized by its characteristic electrode
spacing, 0. For the microelectrode version (Fig. 2.5¢), the characteristic length is
0 = rgo which is the largest gap between the two electrode sidewalls. In the insulative
isoDEP device (Fig. 2.5d) 6 = L is the distance from the origin of the system to
either of the electrodes. For either case, the value of k can be expressed in terms of
d and the voltage difference across its length scale, AV. k? can be described with
these system parameters by
9(AV)?

k2 = v|l;1"ms|2 = ZW (234)

For a given particle size, the desired k? value can be estimated to provide the relative
DEP force, then the AV value can be determined based on the available AC gener-
ator maximum output voltage, and § can be calculated [117]. In some applications,
direct contact between the electrodes and the analyte may be undesired, hence, an

electrodeless (insulative) version of isoDEP can be considered. In insulative isoDEP
the applied electrical potential is in the form [15].

- (g)kr% cos(3)2) (2.35)

The following sections will review existing electrode-based and insulator-based isoDEP
platforms that have been used for the separation and/or characterization of particles
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Figure 2.5. A schematic of applicable designs to generate isomotive DEP field. (A)
Generated isoDEP field equipotential lines from Eq. 2.34. (B) Schematic illustration
of the resultant constant DEP velocity of particles traveling along the symmetrical
line. (C) Practical designs of isoDEP field electrode system shown in z-y plane
showing the respective equipotential lines (solid lines) and the electric field applied
through the sidewalls of the microchannel (dashed lines). (D) An insulative isoDEP
system where the electric field is applied (dashed lines) through the ends of the
microchannel and its respective equipotential lines (solid lines). (B) is reproduced
with permission from [15], (C) & (D) are reproduced from [116].

and cells. However, there exists some practical limitations between these two dif-
ferent approaches. For either case Joule heating and electrothermal flow is possible
and could compromise the operation of the isSoDEP devices unless design rules are
tuned for a given particle size [117]. Additional challenges occur when putting into
practice the desired k? value; for example, benchtop AC signal amplifiers generally
do not provide significant amplification (> 100 V) at large frequencies (> 1 MHz)
thus perhaps preventing the implementation of insulative isoDEP platforms where L
is large (> 1 mm). Particle separation is more effective with greater fields, hence it is
favored to include microelectrodes fabricated inside the channel to enhance the gener-
ation of large DEP forces. In traditional electrode-based designs, the microelectrodes
are fabricated from indium tin oxide (ITO), copper, or gold [118], and located inside
the microchannel in direct contact with the analytes. In some applications, the mi-
croelectrodes are coated with a thin insulator to avoid electrode fouling, electrolysis,
and electrode-fluid interactions. The most common electrode geometry used in DEP
applications are 2D planar electrodes that can be realized including interdigitated,
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parallel, and curved electrodes. As discussed previously, planar designs provide a
non-uniform DEP force through the microchannel’s depth. Several designs have been
used to distribute DEP forces more effectively, including placing electrodes on the
top and bottom of the channel and 3D extruded electrodes [15, 118-120]. Such 3D
electrodes provide more consistent separation and characterization capabilities. The
main advantages of the insulative device are mitigating issues related to bubble for-
mation and electrode fouling taking places in the vicinity of the electrodes, especially
at low frequencies [118]. Insulative isoDEP devices can be easily fabricated with soft
lithography and from biocompatible materials such as glass, polydimethylsiloxane
(PDMS), or SU-8 or can be mass produced inexpensively via injection molding or
hot embossing [121-123].

Both macroscale and microscale separation schemes have been developed utilizing
electrode-based isoDEP configurations. Even though almost all present-day DEP
applications are realized by microfabrication, the first time isSoDEP was used in 1960
was to separate large non-biological particles (~ 100 — 200 pm) at a time where
microfabrication technology was in its infancy and not widely available. Since the
introduction of the first isoDEP platform achieved by H.A. Pohl and C.E. Plymale
[124], the electrode-based isoDEP device has been utilized to separate or characterize
both non-biological particles [124-126] and biological particles [116, 127-130].

In 2011, Weis, et al. [131] introduced the concept of DC insulator-based isoDEP
particle characterization utilizing the particle’s specific DEP mobility analysis. Since
then, and insulator-based isoDEP devices have been used to characterize non-biological
[15, 131] and biological particles [132].

Allen, et al. [15], in 2017, proposed the concept of DEP multi-frequency char-
acterization of particles, rather than separation, utilizing microelectrode-based and
insulative-based isoDEP microfluidic devices. The group demonstrated nDEP and
pDEP of both types of devices with carboxylate modified polystyrene particles (18—25
pm in diameter) and silver-coated hallow glass particles (5 — 30 pm in diameter),
respectively. The microelectrode-based device was fabricated from an extruded sil-
icon wafer (350 pm) using deep reactive ion etching (DRIE) technique (Fig. 2.6a).
The insulative-based device was made from PDMS microchannels which were later
bonded to a glass substrate and voltages were applied through two metal needles that
simultaneously served as inlet/outlet as well (Fig. 2.6b). The voltage applied to the
insulative-based device follows Eq. 2.35 (Fig. 2.6¢). Particles were injected manually
into the device, bulk fluid motion was ceased, and particles were allowed to sediment
(1 min) before the AC field was applied. For a given voltage and frequency, videos
were acquired for the particle while translating through the microchannel under the
exerted DEP force. For the electrode-based isoDEP device, pDEP and nDEP experi-
ments were conducted with a device with rgg = 800 pm at frequencies of 500 kHz and
100 kHz, respectively, with an applied potential of 34 V Fig. 2.6¢, d) which results
in k2 = 1.5 x 10" V2/m?. For the insulative isoDEP device, the applied AC signal
was 300 V at 2 kHz; this results in k? = 3.36 x 10" V?/m3using V = 150 V and
L = 2.48 mm (Fig. 2.6e, f, Fig. 2.5¢). Once particles reach their terminal velocity,
their motions will be balanced by the drag force (Fpgp = Fprag), Which will result in
constant DEP velocity (vpgp) proportional to the dielectrophoretic force. Assuming
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Figure 2.6. (A) A picture of a fabricated microelectrode isoDEP device consisting of
two extruded silicon (350 pm thick) electrodes with rgo=500 pm sandwiched between
anodically bonded borosilicate glass wavers. A gap between the electrodes at the fluid
access ports prevented electrical shorting. (B) A schematic of the resulting insulative-
based isoDEP device fabricated from PDMS device with rgo=800 pm. The experimen-
tal observation area is shown as well as how the AC signal was applied. Demonstration
of the consistent radial translation of particles for microelectrode-based isoDEP de-
vice rgo=800 pm. (C) Negative dielectrophoresis was demonstrated using polystyrene
particles at 100 kHz, 34 V. (D) Positive dielectrophoresis was demonstrated using
silver-coated, hollow glass particles at 500 kHz, 34 V. Demonstration of the consis-
tent radial translation of particles for insulative-based isoDEP device rgo=500 pm.
(E) Negative DEP at 300 V, 2 kHz. (F) Positive DEP at 300 V, 2 kHz (overlaid
particle images are 0.33 s apart). Reproduced with permission from [15]

Stoke’s drag (neglecting wall drag), then the

VDEP = FDEP/Gﬂ'ua = 2mepa’ Re[FCID(w)]VEEmS/GW/La (236&)

Re[Fom(w)] = 3vpEPH/re,a?VEZ,, (2.36b)

with a friction factor of 6mpua where 11 in this case is fluid viscosity.

A significant advantage of isoDEP techniques that utilizes the dielectrophoretic
velocity of the particle to determine its dielectric properties is that it can allow future
DEP device portability. This can be done by substituting big microscopes with
smaller sized portable cameras or utilizing the positioning technique that measures
the position and throughput of particles passing over equally spaced embedded planar
electrodes [133, 134]. An alternate switching between DEP field and sensing field can
be used to apply the DEP force, then utilizes buried electrodes to measure the particle
velocity, after application of DEP field, without interfering with the electric field.

A custom MATLAB program determined particle velocity and trajectory from
particle position data obtained from the acquired videos. Next, the calculated particle
velocities from each frame were averaged over the duration of its trajectory for an
overall average particle velocity. A scaled velocity (*rer/2) was also calculated for
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each particle using their respective measured particle diameter (2a). Hence, the real
part of Clausius-——Mossotti factor (Re[F.,(w)]) can be calculated from the measured
scaled velocity with additional assumptions regarding the properties of the fluid and
relating VE? _ to the k? value.

Even though the device was not tested on a bioparticle, the premise of the device
verifies the capability of isoDEP as a tool for characterization of cell subpopulations
and extracting their dielectric properties at an achievable rate of approximately one
to ten particles per second. However, perturbations generated from bulk fluidic mo-
tion or tubing instability may exacerbate the device operation. Such problems can
be reduced by using rigid tubing, microfluidic resistive features, and proper valving
systems. Moreover, analogous to previously discussed issues with isoDEP devices,
the electrothermal-driven flow generated from Joule heating as well as AC electro-
osmotic-driven flow at low frequencies might compromise the DEP-driven particle
motion. To avoid such perturbations, certain design rules has to be taken into ac-
count during device design and fabrication to provide a maximized DEP force for a
given particle size [117].

2.3 Application of IsoDEP Devices

Both macroscale and microscale separation schemes have been developed that use
electrode-based isoDEP configurations. Even though almost all present-day DEP ap-
plications are realized by microfabrication, the first time isoDEP was used in 1960
was to separate large non-biological particles ( 100-200 pm) at a time where micro-
fabrication technology was in its infancy and not widely available. Here, isoDEP was
used for mineral separation and as a new technique for petroleum refinement.

2.3.1 Electrode-based IsoDEP Device

2.3.1.1 Non-biological Particles
The first isoDEP platform was achieved by H.A. Pohl and C.E. Plymale [135] demon-
strating separation of various particles in powder forms suspended in dielectric medium
of very low electric conductivity (carbon tetrachloromethane (CCly) or cyclohexane
or benzene (CgHg). The separation was achieved with two different setups implement-
ing either a cylindrical electrode geometry where the force exerted on the particles
depends strongly on their radial location from the central electrode (o< 1/73), or an
isomotive cell geometry where the force exerted on particles was independent of their
radial location. Various powders (94—177 nm in diameter, see Table 2.1) were fed into
the hopper then delivered into a cell consisting of a long narrow tray passing through
two electrodes that separated the samples which were subsequently collected at two
different ends (Fig. 2.7). Electric fields ranging from 4 x 10* to 7 x 10° V/m were used
(Table. 2.1). The size of the system was large compared to today’s miniaturized mi-
crofluidic devices, but it was suitable for large size particles separations (~ 90 — 150
pm). The produced electric field still falls within the acceptable range for current
DEP biological studies [136, 137]; however, the high voltages used (~ 11 kV) gives
rise to Joule heating (o V?) which disrupts DEP-induced motion of particles. This
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Figure 2.7. A schematic diagram of isomotive cell setup used for continuous sep-
aration of particles from mixtures. (A) General setup of the cell with A, AC high
voltage source; B, isoDEP cell where separation occurs; C, vibrator; D, separated
particle outlet; E, supply hopper as an inlet for powder mixture. (B) Top view and
side view of the isoDEP cell showing the separation region where A, outer glass wall
of the chamber; B, suspending medium; C, top brass electrode; D, solid particles; E,
Teflon plate serving as an insulator; F, bottom brass electrode; G, neoprene stopper;
H, feed inlet from copper; I, lower exit tube made from copper; J, upper exit tube; K,
exit hole leading to the separate outlets; L, divided separation outlets. Reproduced
with permission from [135].

effect can be mitigated by miniaturized electrodes which can achieve the same DEP
force at lower applied voltages, thus avoiding thermal and electrolysis effects [138].

After introducing the concept of isoDEP, Pohl and Pethig [140] provided fur-
ther validation and characterization of the DEP force showing the uniqueness of the
isoDEP design. In 1988 C.M. Feeley and F. McGovern [141] used a design similar
to Pohl’s crude design to determine the dielectric proprieties of insulating liquids
throughout the manipulation of suspended nitrogen bubbles. They used a cylindrical
electrode configuration to produce the isoDEP field with a characteristic length of
reop ~ b mm. The electrodes were immersed inside three different low conductive
liquids (~ 107*S/m) and aligned so that the motion of nitrogen bubbles rising ver-
tically in the inter-electrode space was opposed by the DEP force. Different applied
voltages between 0 and 3 kV (at 50 Hz) were applied and the translation of bubbles
were measured by three laser beams. Bubbles were generated every 30 s and at each
of the applied voltages one hundred transits were timed, their distribution displayed,
and their mean value calculated. The results showed that decreasing the applied
voltage decreased the mean velocity of the bubbles. However, near the electrodes
edges the motion of the bubbles were unpredictable which were not explained at the
time but were likely due to electrohydrodynamics like electrothermal flow.

In 1996 Andres [142] reported a review of techniques for dielectric separation
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Summarized isoDEP applications for cells/particles manipulations in

chronological order. Reproduced with permission from [139].
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of minerals, particularly diamond. Their technique depends on the formation of
pearl-chained particles within a high non-uniform electric field (800-1000 kV/m).
Particles with dielectric permittivity lower than the suspending medium (i.e., medium
is more polarizable than the particle, €,1 < €,) formed pearl-chained clusters that
exhibit nDEP and were repelled to weak-field regions. While particles of dielectric
permittivity larger than the suspending medium (i.e., the particle is more polarizable
than the medium, €,2 > €,,) exhibit pDEP and moved towards high electric field
regions. Pearl-chains formed with ¢€,; will repel those formed with €,, while each
cluster will simultaneously attract like particles. Chains will only form at a particular
field strength, above which horizontal clustering of particles of the same type takes
place giving rise to chains and their subsequent clustering in the horizontal direction
producing elongated structures with multiparticle links.

Successful separation of diamond-kimberlite mixture was performed. The mixture
was loaded into a chamber filled with kerosene medium (Fig. 2.8A) and isoDEP
geometry electrodes serving as the top channel constraint (1) and flat electrode serving
as ground (2) where a screen separates particles from contacting the electrodes (3).

Upon the application of the 1 MV /m electric field, chains of kimberlite particles
were formed in the horizontal channel. The channel containing the liquid dielectric
was fixed on the vibrator (4), which generates translational movement of solids from
the feed end to the discharge end of the channel along its longitudinal axis. Hence,
it facilitates the movement of separated chains where material with €, > €, is falling
through the pipes labeled (7) in Fig. 2.8A, and ¢, < €, particles discharged through
the central pipe (6). This technique was more efficient with small diamond stone
recovery (100% with 55 —60% of diamond concentration in mixture) and stones with
significant surface contamination, which contemporary techniques at that time could
not offer such sensitivity of separation. Although di-n-butyl phthalate medium can
offer inexpensive and non-toxic medium for mineral separation compared to other
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Figure 2.8. (A) A schematic diagram showing the isoDEP device used for separation
of diamond-kimberlite mixture showing the loading process (left) and discharging pro-
cess (right). (B) Diagram of the vertical separator with water medium. Reproduced
with permission from [142].
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high cost and toxic media such as nitrobenzene, kerosene, and xylol. However, using
water as a medium for separation is better because it is less expensive, non-toxic,
and more abundant. Andres and O’Reilly proposed a design for separating quartz
particulate (50 pm) from mixtures suspending in non-purified water with electric field
strength ~ 1 MV/m (without breakdown).

2.3.1.2 Biological Particles

In 1966 Pohl and Hawk [143] followed their first iso)DEP-based separation exper-
iment and suggested another electrode-based searation platform which was the first
demonstration of DEP-based separation of live/dead yeast cells using pin-plate elec-
trode arrangement with a rounded 0.66 mm stainless steel wire facing a flat steel plate
positioned 1 mm away from each other with 30 V,,5(45 kV/m) applied at 2.55 MHz.
However, they did not demonstrate yeast separation using their isoDEP platform.
There was not any further isoDEP separation studies (except for theory develop-
ment and validation [140, 144, 145]) until two decades later in 1978 when Pohl and
Kaler [146] described an isoDEP-based separation of different microorganisms. Using
a continuous separator of the form shown in Figure 2.9 they described continuous
separation of yeast (Saccharomyces cerevisiae) from green algae (Netrium digitus),
as well as different types of green algae from their mixtures (Chlorella vulgaris with
Netrium digitus; Ankistrodesmus falcatus with Staurastrum gracile).

The setup was simple using components such as metal wires and thin sheet elec-
trodes to produce non-uniform fields. The setup consisted of two copper wire elec-
trodes (2 mm in diameter) sandwiching a square glass capillary (ID =900 pm, length
=50 mm) with inlet and outlet covered with silicon tubing, and both wires and glass
chamber were mounted on a microscope glass slide. Yeast and green algae cell mix-
ture were injected to the separation using a pressure pump (providing a flow rate of
9.6 pL/min) reaching an average linear velocity of about 200 pm/s. The cells were
subjected to non-uniform electric fields ranging 45 — 111 kV/m for about 100 — 180 s
in their travel of 20 mm. This field should not affect cell viability [137, 147]; however,
the low ionic conductivity of the suspending media used in their experiments (0.2, 1,
and 8.3 mS/m) might be tolerated by cells for a short period of time, but for extended
exposure the solution may require higher osmolarity and /or higher ionic solutes. Even
though having the electrodes lying outside the suspending media prevents electrolysis
and electrode fouling, it will hinder the operation of the device for applied frequen-
cies less than 10 kHz. Electrode insulation applies a frequency-dependent impedance
that reduces electric potentials at elevated frequencies (>3 kHz). Further complica-
tions may occur for characterization of mammalian cells because mammalian cells are
smaller compared to the previously studied particles.

Unfortunately, the isoDEP platform was not used (i.e., published) again for bio-
logical cells until 2004 when Kaler’s group [148] described a versatile DEP cell frac-
tionation system that generated an isomotive field using a discrete array of planar
electrodes on the base and a grounded top plate ( Fig. 2.10). The resulting con-

stant VE? . causes hydrodynamically-focused cells to translate perpendicular to the
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Figure 2.9. A schematic diagram representing of the isoDEP-based yeast-algae
separation. (A) Stream-centered flow injection system setup. (B)Close up view of the
continuous separation chamber. (C) Cross-sectional view showing the arrangement
of the electrodes and flow chamber. Reproduced with permission from [146].

flow direction thus fractionating cells exhibiting different dielectrophoretic responses.
They were able to perform continuous cell (plant protoplasts) sorting based on their
viability status (dielectric properties) with high throughput over wide range of fre-
quencies (10 Hz—5 kHz). Figure 10A, B shows how their devices was configured.
Sheath flow was introduced to achieve a maintained stable laminar flow of the in-
jected cells for subsequent fractionation. The parallel electrode array was realized
using patterning of thin gold layer on glass substrate. Each electrode was separated
and addressed individually by using a custom-built PCB control unit. A voltage di-
viding resistive ladder network was used to generate the appropriate voltage applied
to the electrode array to produce the desired isomotive electric field.

Separation can be achieved in three different modes. In the first mode (Fig. 2.10D)
the chip was positioned horizontally so that the electrode array faces upward. Hence,
the particle translating in the channel under the pressure-driven flow parallel to the
electrodes will be sorted using the DEP force that deflects them based on their po-
larizability. Particles will be levitated at an equilibrium height when their respective
DEP force component in z-direction are balanced with gravity and buoyancy forces.
Particles then can be separated and directed towards left or right across the channel
by applying either pDEP or nDEP forces. In the second mode (Fig. 2.10E), the chip
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Figure 2.10. (A) A schematic diagram representing of the isoDEP-based cell frac-
tionation system. (B),(C) Solid and cross-sectional view of the three-layer microflu-
idic chip to accommodate fluidic stream-centered injection and sheath fluid ports,
two outlet ports and housing a resistor ladder network and interconnections to the
chamber electrodes. (C) Demonstration of biasing resistive ladder values used for
facilitating the generation of the desired isoDEP field. Practical realization of sep-
aration modes based on the chip positioning; (D) in the horizontal placement. (E)
and f in a vertical placement. Reproduced with permission from [148].

can be mounted vertically, parallel to the z-direction, while the patterned electrodes
are maintained parallel to the x — y plane. Hence, as the particle travels in the fluid
along the electrode strips, the net resultant force (F,) for the particle is determined
by a combination of DEP, gravitational, drag, buoyancy, and lifting forces. There-
fore, DEP force exerted on the particle, will influence its time required for decent,
hence enabling spatial separation. In the third mode (Fig. 2.10F), the chip remains
vertical however, the patterned electrodes are maintained perpendicular to the x —y
plane. Hence, the gravity is acting on the particles driving them to move along the
electrodes’ length. Either pDEP or nDEP forces can be used to fractionate particles.

Successful separation of viable canola plant protoplast cells obtained from six to
eight weeks old plant tissue subjected to enzymatic digestion and non-viable cells
(heated in high power microwave to cause cell death) was achieved. Cell fraction-
ation occurred in a continuous manner utilizing parallel electrode separator (first
mode of separation). As the cells were transported in the isomotive DEP field (with
cell velocity of 100 — 200 pum/s), based on the excess polarizability of the individual
particles comprising the cell stream, the cells experienced either positive or negative
DEP forces. These forces act to impel the particles in opposite directions and or-
thogonal to the direction of the cell stream, as illustrated in Fig. 2.10D. Successful
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separation requires prior knowledge of cell polarization. The membrane capacitance
of the viable canola cells was characterized. A value of C,, = 5.3 mF/m? for canola
protoplasts were estimated using an approximation of the zero-cross frequency from
the experimental normalized velocity spectra. The reported value seems to be an
acceptable value and similar to what the group reported by utilizing their developed
dual-frequency excitation technique that uses feedback-control of a DEP force to
levitate particles and to investigate both positive and negative DEP characteristics
[149].

The premise of the device offers high continuous separation capability compared
to conventional separation techniques [150]. However, utilizing planar electrodes for
DEP applications is not ideal due to the lack of consistent DEP force throughout
its depth. There are further complications associated with the application of low AC
fields (< 1 kHz) including fluid motion induced by electro-osmosis and electrochemical
/ electrolysis effects [151-153]. These effects are exacerbated when dealing with
elevated voltages required to manipulate smaller cells (< 10 pm), hindering isoDEP
repeatability and sensitivity.

Kaler, et al. [154] addressed the limitation imposed on the cell size to be used
in their previous setup with a miniaturized version allowing on-chip integration of
the system. Figure 11a shows device fabrication which contained an array of planar
electrodes and SU-8 microchannel features before an I'TO slide is adhered to seal the
channel. Biasing resistors are then soldered to provide the correct voltage for isoDEP
field application. Figure 7b shows the assembled integrated microfluidic device (95
mm X 26 mm X 2.3 mm) with two separate outlets for cell sample collection. The
width of the focused central cell stream is controlled by the sheath fluid flow rate
(Fig. 2.11c) with an acceptable sheath (~ 200 pl/min) to sample flow ratio of 1:1.

Successful separation of viable and non-viable yeast cells was achieved with 10
Vpp at 100 Hz — 10 MHz. At low frequency (~ 1 kHz) the non-viable cells experience
pDEP and the viable cells will experience nDEP and hence were directed to outlet
ports 2 and 1, respectively. In contrast, at high frequencies (~ 2 MHz) the viable cells
experience a pPDEP and are collected by fluid outlet port 1 while the non-viable cells
experience negative DEP and are hence directed towards and collected at fluid outlet
port 2. Despite being a continuous separator, the setup was only able to analyze
27% of the introduced cells in the microchannel due to the flow rate being too large.
Hence, to achieve greater analytical throughput (~ 13,320 cells/min), flow rate was
decreased. unfortunately, caused cell sedimentation. Moreover, like their previous
design, the electrodes are in direct contact with the sample, and not insulated, which
may compromise analysis at low frequencies as discussed earlier [155].

In 2018 Tada, et al. [156] proposed a newly designed creek-gap electrode isoDEP
design, where the electrokinetic behavior of cells was characterized by DEP velocime-
try under the exposure of an approximately constant VE?__ established along the gap
of the electrodes. The shape of creek-gap electrode (Fig. 2.8a), y, can be expressed
as a function of = as the following

1%

e —— 2.37
Y 2v/ax + b ( )
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Figure 2.11. (A) A schematic diagram representing the process flow utilized to
fabricate the continuous microfluidic isoDEP cell fractionation system. (B) An image
of the fabricated isoDEP cell fractionation system showing the microfluidic compo-
nents, the metal electrode array and on-chip surface mount resistor ladder used to
bias the electrodes. (C) Images of the cell injector region, showing the dimension of
the separation region and hydrodynamic focusing of the sample (dark color) by the
support sheath flow. Reproduced with permission from [154].

where V' is the voltage applied, a (V?/m?®) and b (V?/m?) are constants related to
the device dimensions, and 2v/ax + b = |E| is the functional form of the electric field
along the z-axis (Fig. 2.12B). In the examination area of the creek-gap electrode,
particles traveled straightly along the centerline of the electrode will translate at
constant velocity because of the constant VEZ . (Fig. 2.5B, Fig. 2.12B), making it
simple to track their motion.

The group successfully characterized the dielectrophoretic properties of human
breast epithelial cells (MCF10A) (17.5 pm) suspended in 40 mS/m media. The
analytical steps to calculate Re[Fep(w)] were determined in a manner similar to what
Allen, et al. [15] followed, but with the inclusion of the friction force between cells and
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microchannel wall. The dielectrophoretic velocity was calculated from the distance
of cell movement and the time required to translate that distance (Fig. 2.8¢). The
average cell velocities measured under the exposure of an AC voltage of V,,, =20 V at
two different field frequencies, 20 and 40 kHz were ~ 2.25 and 1.35 pm/s respectively.
Hence, calculated Re[Fiy(w)] at 20 kHz (~ —0.27) was higher than 40 kHz (~ —0.2).
Therefore, a relationship for Re[Fi,(w)] versus frequency can be obtained.

Although this design offers a simpler way of isoDEP fabrication, the rigorous uni-
formity of the DEP force along the centerline of the electrode might be compromised
in the creek-gap electrode due to the geometrical approximation. As reported by the
group, the device design and structure is favorable for cells exhibiting negative DEP;
however, it cannot be applied to the analysis of positive DEP cells because positive
DEP cells are captured at the electrode edges [157]. This can be resolved by adapting
an insulative-based isoDEP structure and device design similar to what was reported
by Allen, et. al.[15].
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Figure 2.12. (A) The design and specification of the creek-gap electrode. The shape
of the creek-gap was specified by Eq. 2.37. (B) A Profiles of the electric field strength,
| Erms|, and the value of VE2 = along the centerline (z-axis) of the gap at a height
of z = 8 pm. (C) Time-lapse images of cells moving from right to left through the
creek-gap at times ¢=0, 10, 20, and 30 s after the application of 20 V, at 20 kHz.

Reproduced with permission from [156].
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Recently, Shkolnikov, et al. [158] developed a novel technique for continuous
isoDEP separation of particles from mixtures. The unique geometry allows gener-
ation of stagnation flow thanks to the hydrodynamic focusing of particles utilizing
sheath flows (Fig. 13A). Particles are then focused onto stagnation streamlines, where
isoDEP force can separate particles and direct them into two different outlets based
on their DEP response (nDEP or pDEP, Fig. 2.13A). The separation can be achieved
in two different modes; centered mode, which was used to separate particle sets that
are similar in size (Fig. 2.13B), and directed mode, which was used to separate par-
ticle sets that are different in size (Fig. 2.13C). To operate in centered mode, the
resistance of the outlet channels was turned, utilizing micro-metering valves, such
that the focused particle streamlines were split evenly between the two outlets. To
operate in the directed mode, the resistance of the outlet channels was tuned to such
that the focused particle streamlines were largely directed into one of the channels
then separated the particles experiencing a larger DEP force into the other channel.

Separation dynamics and design parameters (e.g., channel size, flow rate, and
electric field) have been described to develop a simple scaling model to predict the
range of particle sizes that can be separated as well as the processing rate that can
be achieved. They concluded that to increase the range of particle size and sample
flow rates the particle focusing had to increase as well (i.e., smaller */w where A is
the half width of the focused particle stream and W is the distance of the channel
wall from the center of the stream, Fig. 2.13B,C). However, the maximum sample
flow rate was limited by the channel depth, particle size, maximum tolerable electric
field strength, the inherent geometry of the electrodes, and the inherent properties of
the carrier liquid.

The group successfully achieved separation of same size particles using immortal-
ized cancer cells and polystyrene beads performed in centered mode. Two mixtures
were used, one containing Jurkat E6.1 cells (~ 11 pm) and beads (~ 11 pm), and
the other one containing MDA-MB-231 cells (~ 14 pm) and beads (~ 14 pm) (Table.
2.1). The separation purity and yield were measured as a function of particle stream
direction. At an applied voltage of 7 V,, at 300 kHz, Jurkat cells suspended in 30
mS/m experienced pDEP while the beads experienced nDEP. The purity and yield
of cells varied with the direction of particle flow (Fig. 2.13D). However, Jurkat cells
exhibited high cell purity at the pDEP but low cell yield. For MDA-MB-231 cells,
the separation was achieved at 100 kHz, with cells exhibiting pDEP and achieving
highest purity and yield observed when ~ 70% particles are directed to pDEP outlet
(Fig. 2.13E). Separation of red blood cells (RBCs) of (~7pm) from 14 pm beads was
achieved under the same condition achieving highest yield and purity when ~ 80%
of particles are directed into pDEP outlet.

The device offers a novel technique for continuous, high throughput, particle sep-
aration (~ 20,000 cells/min) as well as detailed model that relates design parameters
to the desired particle sizes. Even though the achieved yield and purity was good, the
device did not achieve separation of two different cell types with similar size nor same
cell type versus a modified cell property (e.g., live vs dead cells) which would have
greater significance for biomedical applications. This can be achieved by extensive
DEP characterization of cells and modified cells to obtain their real Clausius—Mossotti
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Figure 2.13. (A) Image of the final assembled device showing the relative locations.
Schematic of the focused isoDEP separation device (i) hydrodynamic focusing of par-
ticles using two sheath flows, (ii) isoDEP separation region. Illustration of separation
modes of the device where DEP force guides particle stream towards two different
outlets (B) Centered mode where the focused stream is directed such that the flow
splits evenly between the two outlets. (C) Directed mode where the focused stream
is directed such that the flow in one outlet is larger than the other. The solid lines
represent the center (stagnation) streamlines of the focused stream, while the dash-
dot lines represent the outer streamline of the focused stream. Yield and purity of
mixtures as different percentages of particle mixtures are directed into pDEP outlet
(D) Jurkat cells (~ 11 pm) and 11 pm beads (not shown) exhibit inverse trends as
different percentages of total particle mixture is directed into pDEP outlet achieving
highest yield when ~ 50% of the cells are directed to the pDEP outlet. (E) MDA-
MB-231 cells (14 pm) and 14 pm beads (not shown) exhibit similar inverse trends.
Here, highest yield of cells occurs when ~ 70% of the cells are directed to the pDEP
outlet. f Red blood cells (~ 7 pm) and 14 pm beads exhibit inverse trends and are
highest when ~ 80% of particle stream is directed into pDEP outlet. Reproduced
with permission from [158].
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factor values instead of assuming these values (unity), which would provide higher
purity and yield of cell separations.

2.3.2 Insulative-based IsoDEP Device

2.3.2.1 Non-biological Particles
In 2011, Weiss, et al. [159] introduced the concept of DC insulator-based isoDEP for
particle separation and characterization. The group characterized particles within an
isoDEP field through monitoring their dielectrophoretic mobility. Moreover, the insu-
lative microchannel itself can incorporate obstructions, serpentine features, and saw-
tooth features (Fig. 2.14A-C) [11] which are suitable for DEP trapping applications.
DEP mobility for a particle will be dependent on the device-specific structures and
the magnitude of the applied electric field. The incorporation of insulative isoDEP
can characterize the specific mobility of the particle which can be attributed to the
intrinsic particle phenotype independently from the electric field properties and only
depends on a particle’s size and Clausius—Mossotti factor.

The electrokinetic and electrophoretic mobilities of 1 pm polystyrene particles
were determined simultaneously from the spatial velocity profile of the particles gen-
erated from streak-based velocimetry analysis. Particles (~ 5 x 10° particles/mL) are
introduced into the channel (made from 10 pm thick PDMS) by pressure difference
made between two reservoirs. 1500 V DC is applied through platinum electrodes
at either end of the channel. Images were then captured while particles traveled
through the channel for a given voltage. Images were then are analyzed and particles
were tracked. The electric field is mostly uniform in Region 1 (Fig. 2.14D, E), hence
the electrokinetic mobility (ugk) can be initially determined with negligible DEP
forces. The velocity of the particle along the z-direction (V},,) can be related to the
electrokinetic mobility and intrinsic particle DEP mobility (upgp) with

oE

)
where gk can be calculated by measuring the x-component of the particle velocity
along the channel centerline (V,, ,(z)). Positive upgp is defined as movement towards

high field strength and positive pugk is defined as movement towards the negative
electrode. Hence, (V,,,(z)) will be:

Voe = E(pek + ppep (2.38)

Vpa(z) = (VQICQMDEP + vkpek)T + 72k2MDEP + vk ek (2.39)

where v = wi—fh, p is the charge density, w; is the width of Region 1, A is the height of
the channel, and k is the rate at which the channel tapers in Region 2 (cross-sectional
area of 1.92 mm?). Therefore, according to Eq. 2.39 the velocity slope of the particle
(~ 500 — 2500 pm) will be steeper in the case of pPDEP and shallower in the case of
nDEP compared to that predicted if there is no DEP force (Fig. 2.14F).

The streak-based velocity estimations were used to characterize 1 pm polystyrene
particles. The electrokinetic mobility was estimated to be 3.5 x 10~*cm?/(V.s), which
is dominated by electroosmotic flow and similar to other reported values [160, 161].
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Figure 2.14. A schematic diagram illustrating the common types of insulative
DEP applications where the insulating material (dark gray) perturbs the electric
field (dashed lines) while traveling through the suspending media (light gray).(A)
Array of insulators where the DEP trapping occurs between the insulators. (B) Ob-
structed channel where the DEP force maxima occur around the edges of the obstacle.
(C) converging-diverging (saw-tooth) structure. (D) Diagram and dimensions of the
insulative isoDEP device consisting of a wide uniform electric field segment (Region
1), taper segment where the electric field has a constant gradient (Region 2), and
narrow uniform electric field segment (Region 3). (E) COMSOL simulation of the
electric field of the insulative isoDEP device. (F) Theoretical velocity profile based
on Eq. (2.39). Reproduced with permission from [159].

The estimated dielectrophoretic mobility was found to be —2+0.4 x 1078 cm?/(V?2.s)
where the negative sign is due to the nDEP expressed by the polystyrene particles at
such conditions.

The setup shows a good premise and capability for isoDEP as a tool to character-
ize the intrinsic dielectrophoretic mobility of particles; however, for bioparticles the
medium conductivity (25 mS/m) and such high electric field magnitude (100 — 200
kV/m) would potentially be harmful for cells. This is because cells’ viability decrease
dramatically when using DC-based voltages [147]. Moreover, the electrodes in direct
contact with the liquid medium which my induce electrolysis and/or induce significant
Joule heating thus compromising DEP mobility measurements.

2.3.2.2 Biological Particles
Tada et. al [162] developed an insulative-based version of the creek-gap device. In
their insulative creek device the fan-shaped microchannel was formed from a pair
of planar insulators with a tapper gap of 50 pm (Fig. 2.15A,B), compared to 100
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pm in the electrode-based device. The surface of the device was coated with 0.5%
w/v ethanol solution of 2—methacryloyloxyethyl phosphorylcholine polymer, which
is known to increase surface hydrophobicity and suppress cell adhesion.

Operation of the device was demonstrated using human breast epithelial cells
(MCF10A) by applying an AC voltage of 34 V,,, at frequencies of 200 kHz and
50 MHz to the device. The electric field applied was higher than in the electrode-
based creek-gap device (compare Fig. 2.12B to Fig. 2.15C). Unlike the electrode-based
design, cells were able to exhibit both pDEP (at 200 kHz, Fig. 2.15D) and nDEP (at
50 MHz, Fig. 2.15E). The characterization of cells’ Re[Fi,(w)] was made in similar
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Figure 2.15. (A) The experimental setup of the insulative creek-gap insulative
device. The shape and geometry of the creek-gap. (B) Geometry and dimensions
of the primal part of the creek-gap device. (C) simulated profile of the electric field
and gradient of field-squared along the centerline. Time-lapse images of the cells
translating through the microchannel after application of 34 V., at (D) 200 kHz,
causing cells to exhibit pDEP. (E) 50 MHz, causing cells to exhibit nDEP. Reproduced
with permission from [162]
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manner to what was followed in the electrode-based design. The values of Re[Fep(w)]
were calculated to be 0.14 4 0.01 for the frequency of 200 kHz and —0.12 + 0.01 for
50 MHz.

A common issue in insulative-based devices is the necessity for high electric field
to sustain the desired DEP force, especially for smaller cell sizes, which might com-
promise the viability of cells being studied. As example of such compromise is the
decreased cell cytoplasm of MCFEF10A cells reported by the group as a result of high
electric field magnitude (~ 100 kV/m). However, demonstrated results of Re|Fepm(w)]
of cells for both the p- and n-DEP effects could be evaluated with an accuracy required
for practical application to biomedical engineering. Therefore, the demonstrated data
suggest that the proposed creek-gap device shows a great potential to be used in the
analysis of cell DEP properties.

Applications and description of the various configurations of generating an isomo-
tive force are presented in Table. 2.1 which provides applications of isoDEP utilizing
both electrode-based and insulative-based designs in chronological order. Recent
work has demonstrated that isoDEP can address some unmet needs for biomedical
applications including single-cell analysis; however, advances in throughput as well as
combining characterization and separation simultaneously will add significant value to
isoDEP. Further review on advances and applications of isoDEP for particle analysis
can be found here[139].
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CHAPTER III

DESIGN METHODS TO MITIGATE
ELECTROHYDRODYNAMICS IN ISODEP MICROFLUIDIC
DEVICE

This chapter discusses the advances in both design and fabrication of isoDEP to
mitigate the undesired forces that act simultaneously on tested particles. This chapter
contains content from published work (section 3.3) [117] but, additional information
has been provided throughout the chapter.

The dielectrophoretic response of bio-particles are a function of their dielectric
properties, which is influenced by their structural, morphological, and chemical char-
acteristics. Therefore, each bio-particle has its own dielectric signature which has
been demonstrated for a variety of cells [163]. DEP has been extensively used for se-
lective separation and concentration of bio-particles and, since DEP depends on the
bio-particles’ intrinsic electrical properties, electrokinetic manipulation techniques do
not require any labeling. DEP has trapped, manipulated, or sorted nanoparticles
[164, 165], proteins [166], DNA [82, 167], viruses [165], and enabled particle pattern-
ing [168, 169] which has paved the way to other electrokinetic patterning techniques
[170].

For any DEP device to function, it must have a mean of generating non-uniform
electric field which can either be generated by means of (i) insulator structures or
(ii) microelectrodes [171, 172]. As mentioned previously, the importance of DEP
lies in its analytical capabilities. However, straightforward analytical application of
DEP is nontrivial using traditional coplanar microelectrode designs and fabrication
techniques. This is because the electric field within DEP systems is inherently, and
purposefully, non-uniform whose force is proportional to the gradient of the field-
squared (VEZ2 ). In traditional DEP systems the force exerted on a particle is
spatially non-uniform, typically by orders of magnitude over relatively short distances.
For example, using coplanar electrodes the DEP force is greatest close to the surface
of the electrodes but exponentially decreases with height above the electrode plane.
Consider a 25 pm gap between two coplanar electrodes, the magnitude of the DEP
force is approximately 100 times less for a particle 10 pm above the electrode edge
compared to a distance of 1 pm [13]. Hence, an analytical DEP system is nontrivial
because particles at different locations will be subjected to different DEP forces. To
simplify analysis VE?2 . must be constant within the region of interest. The primary
advantage of isoDEP is that the response of a particle is uniform throughout the
analytical space can be obtained via particle tracking; this concept is analogous to how
particle rotation is used to measure particle dielectric properties through measuring
their rotational speed [120, 173]. Other designs have followed the premise of the
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isoDEP design and have been used successfully for single-cell analysis applications
[156, 162].

In addition to DEP, the applied AC field will also induce other electrokinetic
phenomena such as: (i) Joule heating [19, 174-176]; (ii) AC electro-osmosis (ACEO)
where the induced flow is generated by the action of an electric field on induced diffuse
charges near a polarizable surface [177, 178]; and (iii) AC electrothermal hydrody-
namics which occurs when the field interacts with fluid temperature gradients [17].
Such forces generate non-desirable fluid motion that impacts of the desired perfor-
mance of iSoDEP devices. Unwanted electrokinetics can be reduced through analysis
of device dimensions, material properties, media properties, and the magnitude of
the applied AC field. The goal of this study is to determine their impact on particle
translation relative to particle translation caused by DEP forces within an isoDEP
device, thereby enhancing its analytical capabilities.

[soDEP produces a uniform DEP force using two different configurations: an
electrode-based and an insulator-based arrangement In Allen, et al.’s work [15], the
electric field required to induce the DEP effect was approximately 68 kV/m and 50
kV/m for the electrode-based and insulator-based versions, respectively. In general,
the insulative-based design might require higher applied voltages to achieve the same
DEP effect. This is due to the larger distance between the electrodes (on the order
of millimeters) which requires higher voltages to achieve the same field strength com-
pared to the electrode-based design. At these large fields (> 50 kV/m) cell death
may occur if cells are exposed for several minutes or at low frequencies [137, 179, 180];
however, this is not the case for isoDEP where the field is applied to an individual
cell for less than a minute. In addition, high electric fields cause Joule heating which,
in turn, causes the local temperature-induced variations in the conductivity (o,,) and
permittivity (e,,) of the suspending medium causing electrothermal forces [13, 76].
Jaeger, et al.[181] found that the electric field induced temperature rise is proportional
to conductivity of the medium, which impacts studies with biological cells as they
require suspension in conductive media (typically larger than 0.1 S/m). Although re-
ducing the conductivity of the suspending media can mitigate Joule heating, it’s not
the ideal solution when considering cell viability [19]. 3D extruded electrode designs
have been proposed to reduce Joule heating 8-10 times lower than planar electrode
designs, because it requires lower electric fields to obtain same DEP effect along the
channel’s depth [182].

Design and Fabrication Methods of isoDEP Platform

In this work, various isoDEP design have been attempted to achieve a reliable, inex-
pensive, and operating devices either in electrode-based or insulative-based designs.
The main goal of those designs is to mitigate the complications in the devices that
leads to undesired operation. Also, to achieve an off-cleanroom fabrication technique
that can be achieved in labs without the need for expensive fabrication tools.
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1 Insulative-based IsoDEP Design Methods

The most common way to achieve an inexpensive microfluidic device is through mold-
ing multiple devices from a master mold which reduces the cost per chip. In our case,
we used SU-8 master mold to produce PDMS isoDEP devices. After that, the PDMS
microchannel is aligned manually and bonded, with the help of a plasma wand pre-
treatment, to either a patterned ITO glass coated electrodes Or, a patterned gold
electrodes that have been deposited onto a glass wafer.

An isoDEP master mold has been fabricated from SU-8 as the following: First,
the wafer has to be dehydrated on a hotplate at 110°C for 2 min. Then, some drops
of MCC Primer 80/20 (MicroChem Corp., MA, USA) have to be dropped and after
waiting 10 s it can be spun at speed of (4000 rpm for 30 s with an acceleration of
1000 rpm/s?). After that, it will be baked on the hotplate at 110°C for 2 min. Then,
a layer of SU-8 2150 (MicroChem Corp., MA, USA) is spun over the substrate in two
phases so as to achieve a thickness of 200 pm:

e First phase for 5 s at low rotation speed (500 rpm) with acceleration of 100
rpm/s? which works to distribute the resist over the whole surface

e Second phase which longer and with higher rpm (30 s at 2820 rpm and accel-
eration of 500 rpm/s?) is designed to obtain the desired and uniform thickness
of 200 pm.

Then, the substrate is prebaked for 6 mins at 65 °C onto a hot plate then the
temperature elevated to 95 °C and left there for 40 min after which the hot plate is
switched off and left to cool down to room temperature. It’s strictly advised to check
the planarity of all the working surfaces and equipment used in the process, since
the resist has a relatively good reflow capability also helped by the long bake and
relaxation steps required, so as to avoid final non-uniform thicknesses of the mold.
As the master mold will be fabricated using SU-8 and hence this mold will be used
to create new replica, so the problems due to the adhesion of PDMS and the SU-8
must be minimized to allow an easy peeling-off process of the PDMS casted into the
mold. This is achieved by plasma polymerization of C4F8 passivation layer deposited
onto the SU-8 layer which is necessary to allow for ease of de-molding PDMS [183].
Fluorine containing plasma is known to decrease surface energy and increase the
hydrophobic behavior of surfaces [184]. The microchannels were achieved with a gap
of 500, 400, 300, 200 pm at (f = 60°) (re01= 77 pm and rgo2= 577 pm for the 500
nm gap device). The centers of the inlet and outlet wells (2 mm in diameter) were
3.0 mm from the device origin.

For creating PDMS replicas, PDMS casing, Sylgard 184 elastomer and curing
agent (10:1wt.%) are mixed and poured onto the mold configuration and then cured
for 30 mins at 80°C. Figure 3.1 shows the final PDMS device that’s obtained after
de-molding process as well as, after bonding to patterned ITO glass substrate.

For an off-cleanroom fabrication process, one can go with PDMS replicas bonded
to patterned I'TO electrodes. However, during the operation of the device, leakage of
the sample was always observed due to the pressure of the fluid from the inlet which
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Figure 3.1. Realization of PDMS isoDEP device (Left) Microscopic image for the
finished isoDEP PDMS replica. (Right) PDMS device bonded to a patterned ITO
electrode.

compromised the operation of the device. Hence, other techniques were pursued to
obtain an inexpensive and reliable device.

Dry film photoresist can be considered a cheap and fast alternative to SU-8. The
buried microfluidic device will be formed by fabrication of two active parts, A dry
resist based microfluidic chip fabricated over a glass substrate, and an I'TO -over glass-
patterned electrode buried under it. Multiple (three/four) dry resist layers can be
laminated (Ordyl SY300/550), achieving the desired buried microchannel thickness
(150-160) pm, will be bonded at relatively low temperatures without the use of extra
adhesives. A postbake transfers the resist into a rigid structure. The resist is qualified
in terms of resolution, biocompatibility, and fluidic sealing. Fabrication in both a
fully equipped clean room setting as well as a minimally equipped laboratory can
be possible. A negative dry film photoresist Ordyl SY550 (50 pm thick resist, Elga
Europe) is used. It consists of a resist layer protected on one side by a polyester (PET)
layer and on the other side by a polyethylene (PE) layer. The PE layer is peeled off
and the photoresist is applied on a previously selected pre-processed glass substrate.
Substrates were previously cleaned ultrasonically in a 2% detergent solution, rinsed
for 10 min in DI water and dehydrated for 1 hour at 120°C in an oven. Before
lamination, complete glass substrates were placed on a piece of cleanroom paper.
Ordyl was cut such that it covers the wafer completely but did not exceed the borders
of the cleanroom paper, so that laminator rolls were protected. The top of the resist
sheet was attached to the cleanroom paper with scotch tape, before removing the
protective PE layer. To prevent bubbles or trapping, it was important that the resist
was not in contact with the substrate until lamination.

After manual application of the first layer of resist using a hard rubber roller, the
substrates are put through a hot-roll laminator (GBC 13 Pro, speed 3 setting, 176
°F/ 80 °C. In order to increase the resist thickness, the protective PET layer had to
be removed from the already laminated layer of resist and the lamination procedure
repeated, the lamination procedure repeated with the same setting mentioned above.
It’s noted that after the first step lamination, high temperature is used to allow easy
peeling of the PET layer which will stick to the cleanroom paper. After the last
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lamination step (which is performed with 150 °F/ 65.5 °C speed 5, the protective
PET should remain on top to prevent the resist surface from oxidation. The resist is
exposed with 150 400 mJ/cm? UV light using a custom-built UV lamp mask of 401
nm wavelength. For the exposure of resist on glass substrates, a sheet of Riston R
anti-reflective foil is placed under the substrate with a droplet of water in between the
Riston film and the glass. This prevents unwanted exposure effects due to reflection
and non-perfectly parallel exposure. As seen in Table 3.1 four different samples have
been treated separately to figure out which parameter setting can lead to final best
device fabrication, as long post baking times will lead to hard and longer developing
process as well as, short exposure time will lead to thinner void (microchannel) forma-
tion. The resist is then developed for 30-60 min in homemade developer (90% Xylenes
and 10% Isopropanol (IPA) (Thermo Fisher Scientific), using a nitrogen spray and
paddle development. After that, the sample is rinsed for 30 s in BMR rinse (Elga
Europe) once again by using a paddle rinsing followed by a 5 min spray rinse. The
samples are dried at room temperature for half an hour followed by the double bond-
ing of the second sub- strate. The sample is put into an oven (Yamato DX-300) at
70-95 °C under a pressure of 650kPa. The pressure is applied using two parallel metal
plates on which the required amount of weights can be placed. After half an hour
temperature is ramped up in steps of 20 °C per 20 minutes to 150 °C followed by
a 2-hour post-bake at 150 °C. For full wafer double bonding, a heated press is used
(Carver No3969 CE press). The same temperature and pressure settings as for the
oven are used.

Table 3.1. Experiment setting for dry film photoresist-based prototypes. Note: ()
stands for minutes, (") for seconds

Process Sequence Sample A Sample B | Sample C Sample D
Exporue Time
(@ 2.94 mW /cm?.s 20 s 25 s 30 s 35s

UV Energy Dosage

Post Exposure Bake

(PEB) 27157 @55°C | 22@8°C | 27157 @hH5°C | 227@ 85 °C

Electrodes are patterned to achieve both the -ve and +ve field. ITO on glass (25
X 75 mm) (Thermo Fisher Scientific) were first cleaned with Acetone and IPA prior
to the patterning process, then rinsed in DI water. The substrates are then patterned
with 150-400 mJ/cm2 UV light using a mask aligner (Karl Suss MA6/BAG). After
that, they are developed using HCI solution in wet bench chemical etch process. For
an off-clean room process, the electrodes were masked using a cutter plotter (Roland
GS-24, Roland DGA Corporation) generated Vinyl mask. In this case, there is no need
for mask aligner which will reduce the cost of fabrication. However, the resolution of
this process is defined by the resolution of the cutter plotter used.

Figure 3.2 shows the results of the final isoDEP chip with two different microchan-
nel widths that are suited for different particle sizes.
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Figure 3.2. Dry film resist isoDEP microchannel on patterned ITO coated glass
substrate. Two different microchannel widths are attempted for different particle
size and electric field applications. On the right, a microscopic image of both mi-
crochannels is shown indicating fine sidewalls and microchannel contours.

The only disadvantage of such unsealed isoDEP devices is the need to use glass
coverslip on the top of the microchannel. However, such non-monolithic structure is
the instability of the liquid beneath the coverslip which in turns generates undesired
medium motion as well as the tested particles which compromise the operation of the
device.

For an inexpensive sealed device, a PDMS conductive electrodes are used to be
bonded to a PDMS microchannel. First, PDMS replicas, PDMS casing, Sylgard 184
elastomer and curing agent (10:1wt.%) are mixed and poured onto a glass substrate
(4" x4") and left to cured at 80 °C for 45 min then de-molded from the glass substrate.
Then, a Vinyl adhesive mask which configure the electrodes, designed with cutter
plotter (Roland GS-24, Roland DGA Corporation), is then attached to the PDMS
(Fig. 3.3A). An inexpensive conductive paint (MG Chemicals. USA) with surface
resistance @ 50 pm: 100 €2/sq is then coated upon the surface of the PDMS masked
layer and then left to cure for 24h (Fig. 3.3B). After that, the Vinyl adhesive mask
is peeled off and the final coated electrodes are obtained. Another electrode design
is proposed to achieve easy chip dicing/cutting to obtain separate iSoODEP device
(Fig. 3.3D). Using the prepared PDMS isoDEP microchannels following same process
utilized to realize the device in Fig. 3.1, is then aligned manually and bonded to
the PDMS coated electrodes (Fig. 3.3E). However, when the device is tested, high
electric field was required to operate the device. After two trials, electrode damage
and erosion were noticed (Fig. 3.3F) which in turns compromised the operation of the
device. Also, due to the low conductivity of the coated electrodes, high frequencies
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signals were not propagated well through the electrodes which showed no effect for
the tested particles when actuated with high frequency signals.

As the electrodes are buried under the channels which require high electric field
magnitude to operate the device. A common issue in insulative devices is the neces-
sity for high electric fields to sustain the desired DEP force, especially for smaller cell
sizes, which might compromise the viability of cells being studied. This is usually
one of the disadvantages of the insulative-based isoDEP devices. As the device was
intended to characterize phytoplankton cells, there will be a need for high electric
field magnitudes at higher frequencies (~ 40 — 80 MHz) needed [150]. High frequency
benchtop amplifiers are usually very costly, hence, in this work, a custom-built in-
expensive amplifier is attempted to assist with the operation of the isoDEP device
testing.

1.1 Design of Power Amplifier

Apex PA94 power amplifier (Apex Microtechnology, USA) (900V, 700V /us) is
a very high-power operational amplifier designed as a low-cost solution for driving
continuous output currents up to 100mA and pulse currents up to 200mA in high-
voltage applications. PA94 has been assembled according to the manufacturer guide-
lines (Fig. 3.4A). The final PCB assembled circuit has been tested at high frequency
(30 MHz) and showed a gain of 5.5 (V/V) of the input signals as expected from gain
Vs frequency curve. However, for higher gain at MHz range, T16 RF transformers
(mini-circuits, USA) can be used. However, an advanced PCB circuit is required to
multiplex between low frequency and high frequency amplifiers.

Observed electrohydrodynamics

In this work, several fabrication and device designs have been made to obtain a
better DEP analysis microfluidic device that was used to investigate the properties of
Phytoplankton cells. It was concluded that devices fabricated by full depth etching
using DRIE to create the microchannel resulted in a good DEP response at lower
voltages compared to devices made from PDMS microchannel bonded to patterned
ITO coated glass electrodes. However, rough wall surface containing etched silicon
spikes (Fig. 3.5) generates high localized electric field that generates localized heating
which in turns generates electrothermal vortices that compromises the operation of
the device. Also, the heat generated is enough to melt polystyrene particles and
infuse them irreversibly to the glass substrate which in turns compromise the area
of vision of the isoDEP chip over time. Hence, isoDEP microchannel made from
insulative PDMS insulative can minimize this electrothermal hydrodynamics (ETH)
effect by making electrodes in far sites from the analyzing window. In addition, it
can be easily tailored to the desired cell size and microchannel height, but it requires
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Figure 3.3. (A) Vinyl masked PDMS. (B) Conductive paint poured onto the masked
PDMS to define electrodes. (C) Final conductive pained electrodes onto PDMS. (D)
Different electrode design to achieve easy chip dicing. (E) Final isoDEP device made
from bonding PDMS microchannel to PDMS conductive coated electrodes

a higher AC voltage amplitude which requires expensive amplifiers to provide high

47



R3 R1
MICROTECHNDLOGY

EVAL23 R-A

COMPONENT & DUT SIDE

0O/P signal

I/p (o/p of AC generator)

Open Loop Gain, A (dB)

Frequency, F (Hz)

Figure 3.4. (A) Schematic diagram of the circuit design for the amplifier. (B) Final
assembled amplifier circuit. (C) Gain Vs Frequency curve showing the low gain at
high frequencies. (D) Oscilloscope image of the measured gain at 30 MHz.

amplification at high frequency.

To visualize the rule of ETH forces in an isoDEP device, further analysis has
been made to conducted. Figure 3.6A shows COMSOL®simulation analysis for the
fluid flow velocity inside an insulative-based isoDEP device with rggp = 0.05 mm, h
(microchannel height) =5 pm showing. The analysis clearly shows the effect of the
ETH induced force onto the fluid which generate induced vortices which in turns
compromise the operation of the device. Experiments have been conducted to vi-
sualize such ETH force effect. 2 pm fluorescent particles submerged into 1 mS/m
suspending medium is then pipetted inside an insulative iSoODEP device. A video
has been captured and then analyzed with PIVlab MATLAB®1tool to produce the
streamline vector analysis of the fluid flow velocity. An application of of 110 V at 500
kHz was enough to induce high fluid flow velocity magnitude that induced vortices
within the microchannel (Fig. 3.6B). Figure 3.6C, D show a confocal image (Ixon
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Figure 3.5. SEM images showing a close-up view of the DRIE sidewalls. On the
top left, a polystyrene particle (1 pm) melted and infused inside the spikes of the
silicon wafer due to the localized generated heat from the applied electric field. On
the bottom right, a polystyrene particle is melted to the bottom glass substrate.

Ultra, Nikon Eclipse TI-U) of a DRIE microelectrode-based isoDEP device for 2 pm
fluorescent particles submerged into 1 mS/m medium. 50 V at 500 kHz was applied
to the sample and a video was captured in stack mode, which emphasize the effect
of the ETH induced motion of the fluorescent particles’ trajectories and vortices and
bubbles along the depth of the microchannel which caused a separation of the fluid
layers within the fluid.

Electrohydrodynamic motion was observed at larger applied potentials (> 50V
for microelectrode isoDEP, > 400 V for insulator isoDEP); a more comprehensive
investigation is needed to be conducted in to determine the impact of such fluid mo-
tion on particle trajectory. Electrohydrodynamic motion, in general, is either AC
electro-osmosis (ACEO) and/or electrothermal (ET) flow [185, 186] which will be
mainly discussed and studied during this work to minimize the unwanted electroki-
netic phenomenon that could interfere with the isoDEP operation. ACEO occurs
when the electric field acts upon the charges accumulated on the surface of a po-
larized electrode, inducing hydrodynamic slip [187]. It is expected that this isoDEP
device will produce negligible ACEO flow as the tangential component of the electric
field at the electrode surface is significantly weaker compared to other studied ACEO
microelectrode geometries like interdigitated electrodes [188]. Therefore, it is hypoth-
esized that ET flow is the cause of the observed electrohydrodynamic motion. In ET

49



Max: 1.35x10712

Slice : Velocity filed [m/s] 1.2
Arrow : Velocity field A

Figure 3.6. : Demonstration of electrothermal heating effect in isoDEP device (A)
COMSOL®simulation of the flow field for an insulator isoDEP device at its mid-plane
with rgo = 0.05 mm, h (microchannel height) =5 pm showing how ETH can affect the
desired DEP force acted on particles. (B) PIVlab experimental results showing fluid
flow streamlines for insulative iSODEP (rgp = 0.05 mm, o = 0.001 S/m). Video was
captured with 10x magnification and, 0.465 pm/px, 300 ms Frames). (C, D) confocal
microscopic images for DRIE microelectrode-based isoDEP device showing formation
of bubbles and fluid layer separation. (A) Credits for Dr. S. Williams.

flow the electric field acts upon dielectric gradients (permittivity, conductivity) in the
fluid caused by Joule heating [189]. The silicon in the microelectrode isoDEP device
may serve as a heat sink as well as provide more efficient heat transfer (compared to
the glass boundaries) and, thus, propagate temperature gradients in the same direc-
tion as the applied field. Insulative-based isoDEP systems are likely more favorable
from a heat transfer perspective as temperature gradients are more orthogonal to
the field direction relative to the silicon-based devices, thereby reducing the effects
of electrothermal flow [190]. Hence, one of the aims of this work to study the heat
transfer and resulting electrohydrodynamics of isoDEP devices, and conduct scaling
law analysis to minimize unwanted ET flow as well as maximize the DEP force inside
the microchannel.

ACEO is generated from the movement of ions in the electric double layer at the
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interface between electrode and media. ACEO can be prominent at lower frequencies
(typically below 10 kHz) due to the frequency depenent polarization of the electrode
double layer which disperses at higher frequencies [176]. Fortunately, ACEO can be
considered negligible in isoDEP as the tangential component of the electric field at the
electrode surface is significantly weaker due to the inherent geometrical configuration
of isoDEP, especially compared to other microelectrode geometries like interdigitated
electrodes [15, 191]. The most significant undesired electrohydrodynamic force that
occurs in an isoDEP device is derived from electrothermal hydrodynamics [16-18].
Therefore, there is an extreme need to develop design rules for the geometrical con-
figuration of an isoDEP system and develop scaling laws [19] to minimize ET flow
relative to isoDEP-induced particle translation for both microelectrode and insulative
platforms. These design rules are based on analytical predictions, putting into ac-
count how the DEP and ET velocity scale with electrode size, applied voltage, fluid
conductivity, and the size of the particles. This approach can be applied to other
DEP systems that want to reduce unwanted ET flow.

Scaling Law Analysis of Electrohydrodynamics and Dielectrophore-
sis for IsoDEP Device

In this section the electrokinetic and heat transfer equations will be developed [192],
with some simplifying assumptions, and apply them to isoDEP device geometry.
First, we will derive particle translation due to isoDEP in terms of particle diame-
ters per second for a given device length scale and applied potential. Second, for a
given particle translational velocity we determined the resultant Joule heating due to
the applied field for a given device configuration and channel length scale using an-
alytical conduction relationships based on the device geometry. Last, electrothermal
hydrodynamics was estimated from calculated temperature gradients. ET motion is
presented relative to isoDEP translation for a range of microchannel geometries.
[soDEP devices have two general configurations. First is a microelectrode-based
isoDEP device where the microchannel wall itself serves as the electrode; one method
of fabricating this type of device is to perform DRIE of doped silicon bonded between
two glass substrates [15, 156]. The second configuration is an insulative-based device
where the microchannel walls are formed from electrically insulative materials (ex:
SU8, PDMS, or glass [171, 193]) and the electric field is applied through the channel
itself. The curvature of the isoDEP microchannel walls needs to follow the curvature
illustrated in Figure 3.7A. The largest channel width occurs at § = 60°and is defined
as the characteristic width, rgo (Fig. 3.7A). For the insulative device L refers to the
distance between the device origin and the downstream electrode (Fig. 3.7A) [15, 144].
The insulative isoDEP device is less expensive due to more simplistic fabrication
methods (ex: soft lithography) compared to extruded microelectrode-based platforms;
however, a significantly higher voltage is required from the insulative platforms for
comparable DEP performance due to the longer distance between the electrodes.
Several geometric parameters were defined for the proceeding analysis. The mi-
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Figure 3.7. (A) Illustration of the isoDEP microchannel geometry which can be
demonstrated with (B) vertical microelectrodes serving as the walls or (C) an insula-
tive structure with potential applied through the channel. Variables for the analysis
herein are labeled
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croelectrode device (Fig. 3.7B) has a microchannel height h, a lid and base thickness
of tme, and an electrode wall thickness of ty.;. The insulative device (Fig. 3.7C) has
a microchannel height h, top insulative thickness t;,s, and a substrate thickness tpage-
If the channel configuration follows that of Figure 3.7A the applied electric potential
will yield a constant VE? _ (refer to [15] for derivation). The potential will be in one
of the following forms (in cylindrical coordinates)

2. .
V= (g)krd/2 sin(3¢/2)  For electrode-based (3.1)
N ‘ : :
V= (g)kr /2 cos(30/2)  For insulative-based (3.2)
where k? = V (|E |2) = % and d=rg is the characteristic electrode spacing (for

microelectrode-based and 6=L for insulative-based devices), and AV is the potential
difference between the origin and 6. The length scale guides overall electrokinetic
behavior and, thus, should be selected based the performance of desired particle
translation. First, the magnitude of gradient field-squared k? 2will determine the
field strength required to translate a particle of radius, a, with a velocity,v = (2a)n,
expressed as an increment of n particle diameters per second. Assuming Stokes drag
and that the particle has reached terminal velocity, the particle’s dielectrophoretic
velocity is related to n with

FDEP 27T€ma3R€ [fC’M] (k,Z)
= = = 2 . .
UDEP 67 pua 67 pa (2a) n (3.3)

These relationships were used to correlate k? with particle size, particle translation,
device length scale, and the applied potential. Next, the required k? is found for a
desired isoDEP particle translation and device geometry. Then temperature gradients
were estimated from the input field strength (which is a function of £?) and the heat
transfer properties of the device. Heat conduction was assumed to be the dominant
mode of heat transfer due to the nature of Joule heating being accompanied with
a low Nusselt number [175, 177, 194]. The heat conduction model was used to find
the temperature at the microchannel walls and the maximum temperature in the
center of the channel; hence, the temperature gradient within the channel itself can
be subsequently calculated.

For simplification of the heat transfer model, a rectangular channel geometry of
a fixed width, w, is used. The outside wall temperature, T\.p, is assumed to be the
same around the device perimeter (isothermal). The heat transfer model herein com-
bines two approaches: (i) heat transfer resistance models for calculations through the
solid material and (ii) analytical estimations for the relationship of the channel wall
temperature and the maximum temperature. The resistance models are illustrated
in figure. 3.8. The lid material is attributed with a thermal resistance, Rjq, which is
in parallel with the resistance attributed to the base material, Ry.s. Resistance is
related to conduction shape factor, S, with R = SLK where K is the material thermal
conductivity. The shape factor of the lid and base assumes the microfluidic channel
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as an isothermal rectangular parallelepiped buried in semi-infinite medium having an
isothermal surface; for this case the conduction shape factor will be [195, 196].

ts\1 —0.078
S = 1.685 L. |log( 1+ -2 (ts/h) (3.4)

where L. is microchannel length and t; is the substrate thickness (either ¢,,c, tpase, Or
tins). The electrode-based version included another resistance element that takes into
account heat transfer through the conductive wall features, Ryan = twan/(K h L.).
The equivalent resistance network, Req, is related to the heat generated inside of
the microchannel, ¢, with ¢ = (Twan — 15) /Req where To is the outside ambient
temperature. For simplicity, To is set to zero such that subsequent temperature
calculations will reflect those above ambient conditions. The wall temperature can
be related to device parameters from

Twan = Req ¢ = Req (amEQ) (0 h L.) = Req (O’m k2r) (0 h L) (3.5)

where 0, is fluid conductivity, |E|* = k2r, and § = r¢ or L for an electrode-based or
insulative-based device, respectively. Both insulative and electrode-based maximum
temperatures are linearly proportional to r. The wall temperature will be independent
of channel length, L., as this term in Eq. 3.5 will cancel with itself from R.,. The
maximum temperature at the center of the microchannel at a given radial location
is calculated using a 2D solution from J.H. VanSant [197] where the temperature,
T, inside of a rectangular isothermal perimeter (T\.;) with volumetric heating, q”,
heated, is a function of its position (using Cartesian coordinates, ,y)

(T — Twan) K 1 9
/// (h/2)2 = 5(1_Y)_2
> "cosh [(2n +1)ZX] cos [(2n +1)2Y
= [ (2n 4 1)2]” cosh [(2n + 1)Z B]
where, Y =%, X =;7, B= % This expression simplifies for the temperature at
the center of the channel, T},,x at x = 0 and y = 0, with
Tmax - Twa K 1 - —1 "
( 211) - _ _ 2 % Z 3( ) (37>
q" /2 2 = [(2n+1)Z]” cosh [(2n + 1)3 B]

where volumetric heating (i.e., Joule heating) is ¢ = 0, - E. Hence, after Ty«
is calculated, the temperature gradient can be calculated between the center of the
channel and the wall (described in sections 3.1 and 3.2); only the temperature gra-
dients along the direction of the electric field were considered for ET flow (Fig. 3.9)
since it is proportional to VI - E (see section 2.3).
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A top view

B topview

cross section 0

Figure 3.8. Schematic diagram of heat transfer resistance model for (A) the
microelectrode-based device where the silicon is serving as electrodes separated by a
gap and (B) insulative based device where the electrodes are a distance L from the
origin.
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. O, |

Figure 3.9. The electric potential (solid red) and resultant electric field (dashed
blue) for the (A) microelectrode and (B) insulative isoDEP systems. The primary
direction of their respective electrothermal body force component is shown

1 Insulative-based Device Temperature Gradient

The temperature gradient (V T) along the direction of the channel is needed for the
insulative-based design (Fig. 3.8B); this can be estimated by taking the derivative of
Twan in Eq 3.5 with respect to the radial direction, resulting in

6Twall
or

which includes the substitution of 6 = L. In insulative isoDEP device Reqis the equiv-

alent heat resistance of Rjq and Rp,se in parallel (Fig. 3.9), i.e., Req = (%).
8Tmax

The gradient of Tmax, ==, can be similarly calculated The representative temper-
ature gradient of the insulative platform, VTi, is taken as the average of these

aTwall 1 ( a Tmax aCrw:adl )

or +3 o  or

= Req (0 k*) (LhL.) (3.8)

VT =

(3.9)

Heating is proportional to radial position, ¢” = o, |E|* = 0,, k* r. For ET flow
analysis heating will be evaluated at » = L. Since V11 - E acts in equal and opposite

26



directions on either side of the origin (Fig. 3.9B), the net effect will be

(VT E?) = 2VT; k*(L)sin30 = V11 k° L (3.10)

ne

2 Electrode-based Device Temperature Gradient

The wall temperature for the electrode-based device is determined by substituting § =
reo into Bq. 3.5 with R, = ( Rwall X Fbase X Rz > (Fig. 3.8A) and choosing

Ryanl (Rbase+Riid)+2Rpase X Riia
0. Next, Thay is calculated from (Eq. 3.7) also at rgp. The temperature gradient for
the microelectrode system in the, V7§, is calculated using with

VTg = (Tnax — Twan) / G rﬁo) (3.11)

similiarly, VIg E? was at r = g9 with E? = k? rg leading to
VTs E? = VT k* 76 (3.12)

3 Electrothermal Flow Analysis

The non-uniform electric field driving the DEP force will also act on both bound
and free charges inside the suspending media which respond differently to the field,
resulting in a non-zero body force on the media

1
fer = pmE = S|E[*Ven (3.13)

where p,, and ¢, are the suspending media’s volume charge density and the permit-
tivity, respectively. The first and second terms on the right-hand side express the
Coulomb force on the free and bound charges, respectively. The free charges relate
to the conductivity of the media and represent the conduction force, while the bound
charges relate to the permittivity and represent the dielectric force. Following the
analysis from Castellanos, et al. 2003 [19], the non-zero time-averaged electrothermal
force will be

1 (amem (a—p)

<fET> = gfte Om + twem

5 ) (VT -E)E* — iRe (ema |E]* VT) (3.14)

where o = Eing, and 8 = U?;’g‘T. The dot product VT - E in (3.13) shows that only
the component of the temperature gradient that is parallel to the applied field will
contribute to the ET force in the Coulombic term. The first term dominates at low
AC frequencies whereas the dielectric term has a relatively minor contribution to the
generated force [18]. In our analysis we consider only the first part in Eq. 3.14 be-
cause relative variations in conductivity Ao /o are usually much greater than relative
variations in permittivity Ae/e [19]. Figure 3.9 shows the direction of the applied
electric and the temperature gradients for each isoDEP configuration. For micro-

electrode systems (Fig. 3.9A), the relevant temperature gradient is generated along
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the width of the microchannel as the electric field is applied in the same direction;
in insulative-based devices (Fig. 3.9B) the relevant ET force is generated along the
microchannel length in the direction of the applied field. After the gradient of the
temperature is calculated, the ET fluid body force is calculated with

M VTe E?
T

where T = 300K and M, a dimensionless factor that predicts the variation of the ET
hydrodynamics body force with frequency, ~ 6.6 when /s > 1, [19]. The quantity
V TE? is determined from the previous temperature gradient calculations. Finally,
the electrothermal fluid velocity is calculated with

ferD}

fer = (3.15)

7 3.16
VETH 32 ( )
where the hydraulic diameter is D), = —2”:060 hh

A MATLAB®program (Appendix B) was used to calculate vpgp and vgry for
a range of system inputs. The suspending media conductivity (o,,) was set to 10
mS/m. The channel height and width were varied from two particle diameters to
200 particle diameters. Calculations were conducted for a o,, particle traveling at
n = 1 particle diameters per second. It will be later shown that the results can be
scaled for different particle sizes, DEP velocities, and media conductivity. For the
electrode-based device, the lid and base were composed of the same material and
thickness (0.5 mm glass). However, the conductive wall was assumed to be silicon
with a thickness of 5 mm and thermal conductivity of 150 W/(m-K).

For the insulative-based device, the base was assumed to be either 0.2, 0.5-; or
I-mm thick glass or 0.5 mm silicon. The lid was either a glass coverslip (0.2 or 1
mm) or PDMS (1 mm). Glass and PDMS were considered to have the same thermal
conductivity (1 W/(m-K)) in our model, while water has 0.6 W/(m-K). The thickness
of both the base and lid were varied to investigate whether it significantly influences
minimizing ET effects. In addition, device parameters such as base material type

(either silicon or glass) and lid material type were varied while fixing the microchannel
heights, width (w = 3h), k*(10'* V*/m?), and o,,, (10 mS/m).

4  Design Rules for IsoDEP Device

Figure 3.10 shows the relationship between k2, particle size, the desired translation
velocity (n), system length scale (3), and applied voltage. For example, if a particle of
a size 1 pm needs to translate at a speed of 10 pm/s under the applied DEP force, will
requires k? value of 1.51 x 10" V?/m3 (Fig. 3.10A). Hence, by using a 20 V;yssource,
the characteristic length scale of the device will be 84 pm (i.e., L~ 84 pm for an
insulative-based device or rgy &~ 84pm for an electrode-based device).

The impact of microchannel dimensions is shown in Figure 5. In general, mi-
croelectrode devices perform better than insulative devices for similar microchannel
dimensions (Fig. 3.11A, B). Further, smaller microchannel dimensions (w and/or h j
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Figure 3.10. (A) Graph of the required gradient of field-squared, k2, for the isoDEP
system to have a particle translate at n particle diameters per second. (B) Contour
plot of k2 for a given system length scale and applied voltage.
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10 particle diameters) will yield a more favorable performance, i.e., vpgp/veTH . For
insulative isoDEP devices (Fig. 3.10B, C) the electrode length scale may be rela-
tively large (L > 1000,,) such that a small microchannel height becomes critically
important. Coplanar electrodes could perhaps be integrated into the insulative-based
device to reduce the distance between the electrodes and the origin (resulting in a
smaller L) thus reducing unwanted ET flow. Increasing the lid thickness from 0.21
mm to 1 mm and base thickness from 0.5 mm to 1 mm in insulative isoDEP de-
vice decreased the vgry/vpep ratio by approximately 3.7% and 7% respectively. In
addition, the ratio of velocities vgry/vprp Was approximately 10 times less using a
silicon substrate (Fig. 3.11C) compared to a glass substrate ((Fig. 3.11B) for insu-
lative isoDEP devices. Further, Figure . 3.11 results are scalable. If particle speed
is increased to n = 10, the ratio of velocities should be multiplied by 10. If fluid
conductivity is increased by 10, multiply the results by 10. If the particle size is
increased by 10, multiply the results by 100.

Deep reactive ion etching (DRIE) of highly doped silicon wafers to fabricate the
electrode-based isoDEP device for microchannel heights greater than 20 pm can be
challenging due to extended etching times and sidewall roughness generated during
the etching process. However, some post-DRIE processing techniques suitable for
~ 10 pm etching depths, [198] might be used to smooth the scalloping effect. Elec-
troplating of metals can be adapted for microchannel heights below 20 pm; however,
achieving the desired vertically straight and parallel microchannel sidewalls required
for isoDEP field is challenging. Insulative-based devices offer a low-cost fabrication
alternative (soft lithography, hot embossing, etc.) but the distance between the elec-
trodes are relatively larger compared to electrodes-based devices, hence requiring
greater applied voltages. High voltage gain amplifiers can be used but typically can-
not reach high frequencies (limits typically less than 10 MHz) which is a disadvantage
because some cells phenotypes, such as cytoplasm properties and lipid formation, can
only be investigated at higher frequencies ~40-80 MHz [150].

Intuitively, the key design parameters to reduce ET flow is to facilitate heat trans-
fer normal to the electric field direction and reduce heat transfer in the direction of
the field. Moreover, heat transfer is connected to the volumetric heat flux (¢") which
is constrained by the microchannel height and width. Hence, for a given k?, ET flow
reduction can be achieved by either having a material of a high thermal conduction
(K) or decreasing the height (h), wall thickness (twan), width of the microchannel,
and the base thickness. Further, very/vpep is reduced for smaller particles moving
at the same relative speed n. The use of smaller particles will decrease the size of the
microchannel and electrode spacing thereby reducing volumetric heating.

Updated Fabrication Methods for IsoDEP Device

After following the derived analysis and design rules for the isoDEP device. The fab-
rication of new devices was attempted to obtain an ETH force induced fluid motions.
The thickness of the microchannel was chosen to be 10x the tested particle diameter.
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Figure 3.11. Contour plots of the resulting vgry /vpgp for different isoDEP systems:
(A) microelectrode, (B) insulator, and (C) insulator with silicon base. Results are for
a 1 pm particle traveling at n = 1 diameters per second. Axis scaling is with respect
to particle diameter. Note: These results are scalable for different particle speeds,
particle sizes, and fluid conductivity; refer to manuscript for more information.
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First, a glass wafer was cleaned with IPA and Acetone, then rinsed in DI water,
and the wafer was then put into a 115 °C hotplate to dehydrate for 3 min. After
that, first photomask is used to define the electrical connection, pads, and device
layer. Next, Electron Beam Evaporation (E-beam) (Lesker) evaporation was used to
deposit thin metals (200 A° titanium and 1000A gold). Then, a thin layer of SU-8
25 (Microchem Inc, MA) was spun on the silicon wafer at 2420 rpm for 30 s, yielding
a thickness of 20 nm. The wafer was soft baked on a 65 °C hotplate for 2.5 min
then elevated to 95 °C and left there for another 6 mins. After that, it has been
left to cool down to room temperature. A 170 — 200 mJ/cm? UV exposure dosage
with a Karl-Suss MJB3 mask aligner was carried out to crosslink the thin SU-8 layer,
followed by a hard bake in an oven at 65 °C for 1 min then elevated to 95 °C and left
for 2.5 min which achieved well levelling.

The final device is shown in Figure. 3.12 indicating smaller channel size and elec-
trode distancing. Although the advantage of such design is that the microchannel
is sealed, the thickness of the microchannel (~20 pm) makes it very hard to form
inlet /outlet connections for sample handling. It has been extremely difficult to inject
the sample inside the microchannel, moreover, it will not be a good candidate for an
automized platform for sample handling. Also, the channel width is very small which
causes clogging of the injected sample with high particle densities which produces a
lot of fluid instability and compromise the operation of the device.

40 um

Figure 3.12. (A) Microscopic image for the finished isoDEP SU-8 device with buried
electrode. (B) Device ready for testing showing wired connection to the electrodes.

As deduced from the design rules, using a Si base was favored for facilitat-
ing heat transfer which will reduce the ETH induced motions. Hence, the DRIE
microelectrode-based isoDEP will be repeated with a silicon-on-insulator SOI wafer
instead of fully extruded Si wafer. The P-type doped SOI wafer (University Wafer
Inc) was 100 mm with handle thickness of 300 pm, device thickness of 35 pm, and
oxide thickness of 20 pm. The wafer is then cleaned and patterned to define the
microchannel prior to the DRIE process. The DRIE achieved on the device showed a
better sidewall finishing results (Fig. 3.13) compared to the one obtained for a fully
etched silicon wafer (Fig. 3.5). This was expected as the depth of the etching is
almost 10x less than the fully etched device.
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Figure 3.13. SEM images showing a close-up view of the DRIE sidewalls of an
isoDEP device realized on SOI wafer.

Unlike the fully etched Si wafer microelectrode-based device (rgo=>500 pm), the
microchannel of the SOI-based device was not transparent. Hence, an inverted mi-
croscope cannot be used. However, once the device was prepared for testing, it was
observed that the electric signal was not actuating the sample filled within the mi-
crochannel. Hence, the capacitance between the device layers was simulated using
COVENTOR®. It was concluded that the impedance between the electrodes is higher
than between each electrode and the substrate. Hence, the electric signal will not
be passing through the microchannel (Fig. 3.14) and therefore, cannot operate the
isoDEP device.

An alternative design was proposed to achieve 3D monolithic electrode-based de-
sign. For a fully controlled microchannel length, thickness, and width, electroplating
will be the best candidate for an inexpensive fabrication. Electroplating has been
used extensively for fine side wall 3D structures [199]. First, a silicon wafer was
cleaned by standard RCA cleaning at 70 °C, and the wafer was then put into a 115
°C hotplate to dehydrate for 15 min. After that, first photomask is used to define
the electrical connection, pads, and device layer. Next, Electron Beam Evaporation
(E-beam) evaporation was used to deposit thin metals (200 A® titanium and 1000 A°
gold). Then, A thin layer of SU-8 25 (Microchem Inc, MA) was spun on the silicon
wafer at 2420 rpm for 30 s, yielding a thickness of 20 pm. The wafer was soft baked
on a 65 °C hotplate for 2.5 min then elevated to 95 °C and left there for another 6
mins. After that, it has been left to cool down to room temperature. The second
photomask is then patterned to define the holes for the electroplating process. A
flood UV exposure with a Karl-Suss mask aligner was carried out to crosslink the
thin SU-8 layer, followed by a hard bake in an oven at 65 °C for 1 min then elevated
to 95 °C and left for 2.5 min which achieved well levelling.

A homemade beaker electroplating station was used and the device was submerged
into a copper electroplating solution to plate copper electrodes with well controlled
stir rates and current density to obtain uniform plating. The SU-8 layer was then
removed by submerging the substrate in acetone to strip the SU-8 and thickness of

63



Silicon bottom electrode

(35 pm) 26.98 pF

Silicon handle layer
(300 pm)

0.615 pF
>\ 23.857 pF

Silicon top electrode (35 pum)

Figure 3.14. Schematic diagram of the (A) Meshed isoDEP device (r¢9 = 500
pm) used for analysis. (B) Calculated device layer capacitances simulated with
COVENTOR®indicating that low impedance path is preferred between each elec-
trode and the substrate rather than across the microchannel.

the electroplated device metal layer was measured and verified using the profilometer
Dektak (Bruker, USA). The final device (Fig. 3.15) showed smooth sidewalls however,
the device layers were not very uniform across the surface. Also, the channel contour
was not very well defined to the designed mask. Undefined microchannel contour
(Eq. 2.33) would not yield a constant VE? _ upon the application of the electric field.
Hence, the device was not used for testing however, this technique is inexpensive and
promising. Further improvements can be investigated to achieve better electroplating
uniformity achieved at very low deposition rate.

An alternative technique has been proposed to achieve smooth and monolithic
sidewall for electrode-based isoDEP device. Carbonized SU-8 has been extensively
used recently to produce 3D electrodes arrays and pillars [200-202]. SUS8 pyrolysis
carbon structures are fabricated as the following: First, a silicon wafer was cleaned by
standard RCA cleaning at 70 °C, and the wafer was then put into a 115 °C hotplate to
dehydrate for 15 min. Then, A thin layer of SU-8 25 (Microchem Inc, MA) was spun
on the silicon wafer at 2420 rpm for 30 s, yielding a thickness of 20 pm. The wafer was
soft baked on a 65 °C hotplate for 2.5 min then elevated to 95 °C and left there for
another 6 mins. After that, it has been left to cool down to room temperature. The
second photomask is then patterned to define the holes for the electroplating process.
A 170 — 200m.J/Cm? UV exposure with a Karl-Suss mask aligner was carried out
to crosslink the thin SU-8 layer, followed by a hard bake in an oven at 65 °C for 1
min then elevated to 95 °C and left for 2.5 min which achieved well levelling. Then,
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Electrode

Figure 3.15. (A, B, C) Microscopic image of the final electroplated isoDEP device
with a zoomed-in view for the microchannel. (D) SEM image of a carbonized SU-8
device showing smooth side wall with undefined microchannel contour.

development process occurs for 3-4 mins after which the device is baked to ensure
dry surface.

After defining the SU-8-based isoDEP device layer. The different SU-8 films were
pyrolysed in a YES POLYIMIDE OVEN (YES-550PB6/8/12-2P-CP) in nitrogen at-
mosphere. The pyrolysis protocol was achieved in two stages: (i) a temperature ramp
from room temperature to 200 *CC followed by a 30 min dwell time at 200 °C to allow
for any residual oxygen to be evacuated from the chamber and prevent combustion
of the SU-8 polymers as the temperature is increased further; and (ii) a temperature
ramp from 200 to 900 °C with 1 h dwell time at 900 °C to complete the carbonization
process. The samples were heated and cooled down to room temperature at a ramp
of 2 °C/min

The device achieved had a very smooth side wall (Fig. 3.15). The problems
associated with DRIE sidewall surface can be easily mitigated using such technique.
However, similar to reported in literature, the whole SU-8 polymer device layer is
shrunk due to the pyrolysis process [203, 204]. As expected, the shrinkage in the
device layer will influence the contour of the microchannel. Hence, the contour will
not be following the right design (Eq. 2.33) which in turns would not yield a constant
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upon the application of the electric field.

Concluding Remarks

The premise of isoDEP device is to analyze cell subpopulations relying on DEP par-
ticle translation; however, due to unwanted electrokinetic motion, particularly ET
flow, the operation of isSoDEP can be compromised. In this work developed scaling
law analysis was developed to obtain design rules to maximize DEP-induced particle
motion relative to ET flow. The Results recommend that in order to reduce the
effects of ET flow, for both electrode-based and insulative based devices, the height
and width of the microchannel should be less than 10 particle diameters. In addi-
tion, designs that facilitate heat transfer normal to the field direction is beneficial; for
example, using a silicon base enhances the performance of insulative-based isoDEP
devices. Further fabrication and designs were attempted to obtain a reliable isoDEP
device. However, due to other unexpected complications, the operation of the device
was compromised which require further investigation and analysis to produce a reli-
able isSoODEP device aimable to test small particles/cells while being integrated onto
an automized platform. Meanwhile, investigation of bioparticles with other tech-
niques such as electrochemical sensing has been made to produce enough data for
phytoplankton cells in order to verify such data with the data produced from the
isoDEP device.
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CHAPTER IV

CHARACTERIZATION OF CELLS IN SUSPENSION UTILIZING
IMPEDANCE SPECTROSCOPY AND SINGLE CELLS
UTILIZING ELECTROROTATION

This chapter describes two applications using alternative electrokinetic cell character-
ization methods other than isoDEP. First, phytoplankton cells in suspension from dif-
ferent species were characterized based on their dielectric properties using impedance
spectroscopy. An attempt to differentiate between same species with different ni-
trogen abundant environment is attempted. Second, electrorotation-based electroki-
netic technique is also used to characterize single cells (T-lymphocytes, Hela, and
M17 cells).Later in this chapter, these techniques are compared with isoDEP. Some
content of this chapter is adapted from published work [120, 205].

Impedance Spectroscopy Based Characterization of Phytoplank-
ton Suspensions

Phytoplankton are photosynthetic micro-organisms that play an indispensable role
as indicators of the health and possible changes in most marine ecosystems. As
autotrophs they form the basis of most aquatic food chains, and changes in their
population health and productivity can have far reaching impacts [206, 207]. Due
to their small size and fast metabolism, phytoplankton are the first to respond to
environmental changes and can be used to predict how those changes, such as nutrient
concentrations, dissolved oxygen, toxin presence, and even weather changes [207] will
affect the wider ecosystem. As a result, they are often used as biosensors of a wide
range of pollutants, including herbicides, pesticides, and toxic metals [208].

As the primary producers of most marine ecosystems, phytoplankton populations
are a food source for a variety of marine life, from microscopic zooplankton to multi-
ton whales [207]. Additionally, small fish and invertebrates feed on phytoplankton,
and are then eaten by larger predators. As a result, phytoplankton abundance directly
affects the abundance of other food sources in each ecosystem, thereby affecting the
migration and population health of most marine life. Phytoplankton population
changes can also affect other marine life through “blooms”, or periods of explosive
phytoplankton population growth [207]. Certain species of phytoplankton produce
biotoxins and can cause toxin blooms which can kill marine life and contaminate
seafood. Even non-toxic blooms can be harmful, as the rapid growth and subsequent
death depletes nutrients and oxygen, resulting in dead zones [207].

Microalgae have several advantages including but limited to, fixing CO5 through
photosynthesis [209], and are diverse and abundant enough that optimal species can
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be found in almost any environment [210], including non-arable land [211]. Microalgae
are also a source of renewable biofuel and high-value chemical feedstocks [212]. When
stressed, some phytoplankton species produce lipids, which can then be extracted and
converted into a renewable source of biofuel and other high-value chemicals [212].

Electrochemical impedance spectroscopy (EIS) is a nondestructive tool that de-
tects cellular response to the application of an AC signal over a frequency range [213].
The purpose of analyzing the EIS data is to derive and characterize a load’s (i.e., cell
suspension) electrical parameters and, although it doesn’t directly measure physical
phenomena, it is a reliable and sensitive technique [213]. To interpret impedance spec-
troscopy, a physio-chemical or measurement model must be used. Measurement mod-
eling involves using mathematical functions to explain the experimental impedance
using a best fit method. This method involves using good biological knowledge for
cells in suspension in order to model their experimental data using equivalent circuit
elements, such as resistors, capacitors, and inductors. The equivalent circuit method
is simple and straightforward, but lacks high accuracy, which can cause inconsis-
tency and degeneracy. Physio-chemical modeling links the measured impedance and
the measurement model to physio-chemical parameters of the process which provides
higher accuracy than simply using an equivalent circuit, but obtaining the modeling
parameters is highly complex and can lead to over-parameterization. Once the circuit
model is established, it can then be used to track changes in electrical properties of
a sample under test which indicate physiological changes inside the sample [214].

In these experiments, phytoplankton suspended in a medium are modeled as col-
loidal particles in suspension. To measure the dielectric properties of conductivity
and permittivity, the behavior of cells is described using Maxwell’s mixture theory
[215, 216]. This relates the complex permittivity of the particle to the complex per-
mittivity of the suspension. Phytoplankton are commonly modelled using a spherical
shell model, which describes each phytoplankton cell as a perfect sphere with a con-
ductive outer shell and membrane, and a resistive interior [217]. This model is ade-
quate for cells that are spherical with cell walls, such as Chlamydomonas rheinhardtii,
but fail to accurately reflect the dielectric characteristics of phytoplankton without
cell walls, or with other biologic configurations [217]. These phytoplankton were cho-
sen due to their availability, abundance in local lake waters and ease of culturing in
laboratories.

1 Theory and methods
1.1 Theoretical concepts

The basic principle of impedance is based on Ohm’s law, where an electric potential,
V(jw), is measured by applying an electric current through a material or vice versa
where w = 27 f is the angular frequency, and j?> = —1. Conventionally, small AC
voltages are used over range of frequencies as an excitation signal. In such case,
the applied electric current, I(jw), is being opposed by group of cells in suspension
generating what is defined as impedance Z (jw), with recorded impedance at different
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frequencies:

Z(jw) = V(jw)/I1(jw) = Zre + § Zin (4.1)

where Z RrE, resistance, and A 1M, reactance, are the real and imaginary parts of the
complex impedance, respectively. Moreover, the complex impedance is a function
of complex permittivity, €, of the cell’s cytoplasm and membrane. For diluted cells
in suspension, the total impedance of the system is described by Maxwell’s mixture
theory [218]. The equivalent complex permittivity of the mixture is related to the
total impedance of the mixture by [215].

~ 1
Zmix - T == 42

JweG (42)
where G is the electrode’s geometric constant, which is the ratio of the electrode area
to the gap between the electrodes used for the experiment, and

= 142w

Emix = emi (4.3)
1- ¢f cm

where ¢ is the volume fraction (ratio of the particle volume to the suspending medium

volume), and f.,, is the complex Clausius-Mossotti, given by

€p — €m

&+ 2m

fom = (4.4)

where €, and €, are the complex permittivity of the particle/cell and medium, given

by

E:e—jg (4.5)

where € is the permittivity and o is the conductivity.

It is noted that Maxwell mixture theory is valid for low volume fractions (¢ < 10%)
i.e., the volume of the cells suspended in the media is below < 10% of the total
mixture volume.

1= (i) (g (4.6

€m — €p €mix

In impedance spectroscopy-based analysis, dielectric properties of the single cell (e.g.,
cytoplasm conductivity, oey, membrane conductance, oymem, and specific membrane
capacitance, Chem, are extracted from suspension by utilizing the single shell model
and Maxwell mixture theory [216].
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Figure 4.1. Schematic diagram of (A) single-shell model of cells in suspension,
(B) simplified equivalent electrical circuit model (ECM) of single cells in suspension
neglecting the electric double layer components.

In single shell model (Fig. 4.1a), the complex permittivity of the cell is given by

215, 216] o
3 €cyt —€mem
~ =~ /y + 2E’cyt‘i’ngncrn (4 7)
ep o 6mem 3 _ gcyt 7F€mcm ’
gcyt+2gmem

where v = R/(R — d), R is the radius of the cell, d is the thickness of the cell mem-
brane (Fig. 4.1a) and €.y, €mem are the complex permittivities of the cytoplasm and
membrane, respectively.

The equivalent electrical model of cells suspended in aqueous media is used to sim-
plify the mathematical expressions used to extract the single cell properties from the
measured complex impedance. By stating that €. = —jocyt/w and €pem = € , then
Eq. 4.7 can be simplified to [206]

€p —jOcyt/w—e (48)

3 _
v 2e—jocyt/w

—jOcyt /w—€ ~ i .
¥+ 2—25_3‘);—2%/“; (Re[ep] +7 Im(ep)>
€

which can be further simplified to

_ €<2b62 + a(acyt/W)Q) b ( €0cyt/w(2 — ab) > (4.9)

B b2€? 4 (Ocyt/w)? b2€? 4 (O¢yt/w)?

€p =

where a = Hiff] and b = [27733:“11].

A quadratic equation can be obtained by dividing the real and imaginary parts
by €, in Eq. (4.9):

a/w(0eyi/€)* — k(2 — ab)(oey/€) + 2bw = 0 (4.10)
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Table 4.1. Culturing conditions for phytoplankton cells

Taxon Source Cell Size Culturing Conditions
Diameter Temperature Light/Dark Growth Incubator
(pm) (°C) (hours) media
Chlamydomonas sp. CBS 10-12 22 12hr/12hr  Alga-Gro, Percival
5-6 watts BBM,
Soil Extract +
Spring water
Selenastrum sp. CBS 5—17 22 12hr/12hr Alga-Gro, Percival

5H-6 watts BBM

where k = [iﬁ%ﬂ By assuming that L = 0.y /w and equating the imaginary part of
Eq. (4.9), the extracted permittivity of a single cell from the complex becomes

B b2 + (L/w)2 e
= ((L/wxz - ab)) tmley) (4.1)

From (Eq. 4.10), L can be calculated and can be used to calculate €; after that ocy
can be calculated.

As shown in Fig. 4.1b, the total impedance of the mixture consists of the
impedance of the medium represented by the parallel resistance and capacitance of
the aqueous media, and the impedance of the single cells. The impedance of single
cell is simplified to include the resistance of the cytoplasm in series with the mem-
brane impedance represented as resistance and capacitance which acts as a dielectric
material which can be measured at higher frequencies where it plays a major role in
determining the impedance of cells [219]. Hence, the values of the frequency depen-
dent cell parameters such as specific membrane capacitance can be determined by
the volume fraction, conductive and dielectric properties of both cell and medium, as
well as the cell size and geometric constant of the electrodes used for measurements
[215, 216]:

_ 99Re

C(mem (CU) Ad

G (4.12)

1.2 Phytoplankton culturing methods for experiments

Two genera of phytoplankton, Selenastrum sp. and Chlamydomonas sp., were se-
lected for these experiments based on their cell configurations and characteristics
and ease of culturing under stressed and non-stressed conditions (Carolina Biological
Supply (CBS), Burlington, NC). Table 4.1 summarizes the culturing conditions and
physical dimensions [220, 221] for each of the taxa.

The two phytoplankton genera used in this study are in the Chlorophyceae group
of green algae. The layered cell wall of Chlamydomonas is rigid and composed of
hydroxyproline-rich polymers that are linked by glycoproteins containing the sugars
galactose, arabinose, mannose, and glucose [222]. The cells in culture were ovoid,
singular, not aggregated, and most were flagellated during the experiments. Sele-
nastrum, is a crescent-shaped cell and slightly smaller in size than Chlamydomonas
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in culture. The cell wall of Selenastrum is less well-described; however, because
Selenastrum has been included within the same taxonomic group of green algae as
Chlamydomonas, we assumed similar cell envelope structure.

Chlamydomonas sp. and Selenastrum sp. were initially cultured in Alga-Gro
(AG) or soil extract-spring water (SoilXSW) media. After acclimation to culture
conditions in the lab using AG or SoilXSW, cells of each taxon were transferred
to Bold’s Basal Medium (BBM) [220] and cultured for several days to weeks prior
to stress manipulations in preparation for experimentation. Cells of both Chlamy-
domonas and Selenastrum were always singular, free-floating, and uniform in culture
and during the experimental procedures.

After cells had stabilized at known densities in culture (e.g., approximately 10?
cells m/L), they were transferred to either nitrogen-rich BBM (NT) or nitrogen-
poor BBM (N7) approximately five days before conducting the experiments. The
time frame allowed for development and confirmation of lipid storage bodies in the
N~ stressed cells.

The N~ stressed cells were monitored for lipid production by staining with 5 —
10 nL of Bodipy 5/515 stock solution (Invitrogen, Grand Island, NY) dissolved in
dimethyl sulfoxide at 0.5 mg m/L. Cells were allowed to stain for 30 min (Hadady et
al. 2014) then examined at 400X magnification to confirm the presence of lipid bodies
using a fluorescence Zeiss Axioplan microscope (Excitation: 470/40X, dichromatic
mirror: 495, Emission: 525/50m). Cells grown in the non-N stressed medium were
also stained to confirm non-lipid production.

On the morning of the experiments, each culture was concentrated by centrifuga-
tion (Epindorf microcentrifuge) at 1500 rpm (relative centrifugal force = 170 g) and
rinsed several times in selected low conductivity medium. Media with conductivity
of 10 &+ 2 nS/cm were initially created with potassium chloride in deionized water.
Glucose was added to the three media (85 g/L) to raise the osmotic pressure without
affecting its external conductivity as implemented in literature [221]. Portions of the
N* and N~ cultures were separately pelleted and then rinsed with the test media sev-
eral times prior to performing each experiment to achieve selected low conductivities.
Cell densities were adjusted to 10° or 10° cells m/L depending on the experimental
use to ensure low volume fraction of cells suspended in the aqueous test media.

1.3 Electrical impedance spectroscopy

The bioimpedance measurement of the phytoplankton in suspension was performed
by using commercially-available electrodes integrated into an eight-well plate (ECIS-
8W20idf, Fig. 4.2). These wells were independently addressable using a custom-built
PCB holder that facilitated the selection of the desired wells to the impedance ana-
lyzer. First, wells were cleaned with DI water and dried prior to the experiment, then
a background (i.e., no-load or “dry well”) impedance measurements were acquired to
determine hardware system impedance. After that, a 100 pL of cells suspended in 10
nS/cm were filled inside the well and complex impedance measurement was taken.
The impedance magnitude and phase angle were recorded each time using Agilent
precision impedance analyzer 4294-A with 201 data point covering a frequency range
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Figure 4.2. An image of the ECIS cultureware® electrodes with a magnified elec-
trode geometry.

of 3 Hz to 10 MHz for an excitation voltage of 10 mV. The recorded measurements
were then analyzed using Maxwell’s mixture theory and the equivalent circuit model
(Fig.4.1) to extract the dielectric properties of phytoplankton cells. It is noted that,
prior to measurements, the impedance system was compensated using the provided
manufacturer’s fixtures to cancel out the probes’(lead) impedance.

2 Results and discussion

Fig. 4.3 shows the impedance magnitude and phase of media only (without cells),
and with Chlamydomonas and Selenastrum cells. The plotted data represents the
phytoplankton cells of the same density and suspended in the same medium conduc-
tivity. The impedance magnitude of media decreases with increasing the frequency,
which represents the transition from the capacitive behavior that dominates at lower
frequencies to resistive behavior that dominates at higher frequencies. The effects
of adding the phytoplankton cells can be seen in the increased impedance values.
However, the impedance curves start to converge at ~ 200 kHz due to the presence
of a very thin coating on the electrodes that form a very small capacitance (~ nF
range) that dominates the high frequency zone [206]. Such low capacitance, in paral-
lel with the solution resistance, form a RC circuit that inhibits the effect of the other
electrical components inside the solution, as well as the limitation imposed due to
the chip metal connections; this leads to the observed coincidence of all curves at the
high frequency which does not change when different excitation voltages are used.
Low excitation voltage (10 mV) was used because higher voltages might influence the
permittivity and conductivity of the cells’ cytoplasm due to the extra ion channels
opened through the membrane which might influence the total complex impedance
[223, 224]. These measurements (Fig. 4.3) indicate that it is possible to differentiate
between different cell types at intermediate frequencies (~ 300 Hz to 40 kHz).

A custom MATLAB code (Appendix B) was used to implement Maxwell’s mixture
theory. The radius (R) of the Chlamydomonas was ~ 5.5 pm, and Selenastrum was
~ —3 pm. This corresponding volume fraction (¢ = 4/37R?/107°) of 1 million
phytoplankton cells suspended in a total volume of 100 pl. were ~0.001 which shows
that Maxwell’s mixture theory can be applied in such analysis (where ¢ << 0.1).

Figure 4.4 shows the extracted phytoplankton single cell electrical properties ver-
sus frequency. Table 4.2 shows the averaged values for each cell parameters over
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Figure 4.3. (A) Impedance magnitude, and (B) phase angle for Chlamydomonas
(n = 17), Selenastrum (n = 7) cells, and suspending media (without cells) (n = 6).
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the frequency range (3 kHz—10 MHz) to avoid the low frequency noise. There was
no significant difference in the extracted cytoplasm conductivity (~14.4 mS/m of
all cell types (4.4C). However, there was significant difference in the specific mem-
brane capacitance (membrane capacitance per unit area) between Chlamydomonas
and Selenastrum cells.

Table 4.2. Extracted cell parameters for phytoplankton cells utilizing EIS-based
characterization

Cell Type gilms(:; (um) Specific Me(r;l};r/zi/rl;}))apamtance Cytoplasm Conductivity (mS/m)
Chlamydomonas sp. N* 10-12 15.5 £3.6 (n=30) 14.4 £ 0.9 (n=30)
Chlamydomonas sp. N~ 10-12 13.2 + 2.3 (n=44) 14.1 + 0.4 (n=44)
Selenastrum sp. N* 5-7 40.6 + 12.6 (n=28) 14.4 £ 0.5 (n=28)

Unlike membrane capacitance, which is usually investigated at low frequencies
(< 1 MHz), differentiation based on cytoplasm conductivity of cells can only be
achieved by utilizing high frequency AC generators (~ 40 — 80 MHz) which requires
complicated PCB and/or electrode setup to accommodate such high frequency gener-
ators and avoid any interference from the surrounding environments which can falsify
the measured data [225]. Nitrogen limited cells were expected to exhibit high content
of lipids which will correspond to lower the cytoplasmic conductivity of cells (de-
creases by ~ 60%) [221]. However, in this study, this was not achievable due to the
system’s limitation at high frequencies, where all curves are coinciding above ~200
kHz, and no further information regarding cytoplasm conductivity can be retrieved
from the cells in suspension.

The specific membrane capacitance decreases with increasing frequency as shown
in Figure 4.4c. Chlamydomonas values dropped from ~ 600 to 15.5 mF/m?, where it
becomes stable in the -dispersion range (> 100 kHz). Similarly, the measured values
for Selenastrum cells range from ~ 1500 to a ~41 mF/m?. The specific membrane
capacitance values for Chlamydomonas values closely match reported data using di-
electrophoresis [217]. Similarly, as shown in figure 4.4D, the relative permittivity
(e/€o) for single cell which decays with increasing frequency. The values dropped for
Chlamydomonas cells from ~ 450 to 37 + 3, while it dropped from ~ 1300 to a stable
value of ~ 98 4 14 for Selenastrum cells.

Previously-reported cytoplasm conductivity varies from 0.008 to 0.5 S/m [208,
221, 226-228]; however, this vast range of values corresponds to different techniques
used to characterize phytoplankton cells as well as different cell circuit models used for
analyses. When cells are being trapped or manipulated for extended periods of time,
their cytoplasm conductivity will be compromised due to the formation of lipids in
response to induced stress. The purpose of this study was to assess a straightforward
impedance measurement method to differentiate different types of phytoplankton
cells. Modifications to the electrodes and system hardware could be made to enhance
measurements in order to differentiate between same cell types under nitrogen-limited
or toxicant environment.

Although it is known that under nutrient limitation, the cell envelope of Chlamy-
domonas changes [229], we did not monitor this change (using scanning electron
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micrography or any other method) prior to or during the experiments. Increases in
cell volume and cell wall thickness in nutrient-limited cells may occur because of pho-
tosynthetic byproduct accumulation or delays in cell division. Future work should
monitor cell size before and after to support the size assumptions used in the fit code
to provide more insights into the extracted cell parameters. However, when we imple-
mented the literature values for cell radius (~ 7 — 7.8 pm) [230] in our analysis, there
were no significant differences in the extracted dielectric cell parameters between N—
and N* Chlamydomonas cells (not reported).

3 Concluding Remarks

The ability to differentiate between suspended phytoplankton cells demonstrates that
impedance spectroscopy can be used to perform in-the-field analyses without the need
for complex microfluidic handling or preparation that might induce stress. The porta-
bility of the system can be improved by designing a custom-built electronic system
that operates at specific frequencies, including very high frequencies (~ 40—80 MHz),
with lock-in amplifiers that would enhance measurements. Non-spherical multicell cell
models [208, 231, 232] could also be implemented to further improve measurements.
Although the research presented here has limited ecological application, further re-
search into phytoplankton cell responses to variations in instrument capabilities and
under various ecological conditions would contribute to a “proof-of-concept” use of
the technology within an ecological context.

Electrorotation-based Single Cell Characterization

This section discusses the electrorotation technique as a tool for a method for label-
free single-cell biophysical analysis of multiple cells trapped in suspension by electroki-
netic forces. Brief introduction to electrorotation is presented and the experimental
setup is discussed. Some content of the this section is reproduced with permission
from [120].

Electrorotation (ROT) is a label-free analysis technique, that uses the imaginary
part of the Clausius-Mossotti factor where the field and dipole components are out
of phase [145, 233]. The rate of rotation for cells is dependent on the applied fre-
quency and electric field magnitude. In this case, the cross over frequency (COF) is
the frequency at which the rotation changes its direction. To extract cell dielectric
properties, the relationship between cell rotation and applied frequency is fit to the
single-shell model (section 2.1). ROT is extensively used in many biomedical applica-
tion, including but not limited to, to differentiate between cell lines [234], investigate
membrane changes of cells [235] and/or investigate the cytoplasm properties of cells
[236]. Despite being very efficient single cell characterization tool, it lacks the high
throughput as no simultaneous of rotation analysis of parallel cells has been presented
except work demonstrating 3 octopoles were presented by Fuher et al. [237] where a
single cell was trapped and analyzed.
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Applying the 3D vertical electrodes approach [238-240], it’s possible to achieve
multiple trapping and rotation analysis arrays that can be used to actuate multiple
single cell(s) simultaneously. The microcages are addressed independently to allow
independent operation of each single microcage therefore, each trapped single cell
can be easily manipulated and forced to be hold against the flow motion (Fig. 4.5).
Selective trapping/release as well as rotation analysis is possible through the operator
control. The dielectrophoretic microcages consist of two arrays of 40 3D electrodes
integrated within a microfluidic channel which, at the end, leads to a total amount of
39 arrays. The height of the electrodes and of the surrounding microfluidic channel
is 50 pm. The diameter of the electrodes and of the inter electrode distance varies
between 20, 40, and 80 pm in order to accommodate different cell sizes since DEP
force is proportional to the cubic of the particle diameter. Further detailed fabrication
process can be found [120, 238].

Figure 4.5. (A) An image of the bonded chip with a width of the microfluidic
channel of 6.4 mm and with both electrode diameter and interelectrode distance of
80 pm. (B) SEM micrograph of two arrays of metal covered SU-8 electrodes, which
are separately connected by an underlying, insulated metal wire. The electrode s
diameters and interelectrode distance is 20 pm. Reproduced with permission from

[120).

The advantage of such 3D electrode microcage over the conventional 2D electrode
design is employing full use of the microchannel depth which allows further control
on tested cells using electric field. In 2D electrode arrays, the DEP force is not
effective throughout the whole depth of the microchannel and only effective close the
electrode edges. Hence, 3D electrodes structure can be useful to maximize the DEP
force needed to apply negative DEP force to trap the cells flowing throughout the
channel [151, 241]. nDEP is used to trap cells of interest within the quadrupole in
order to investigate the cells with rotation field. Unlike optical tweezers [237], DEP
force does not require very extensive manual operation to keep the cells in position.
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Figure 4.6. (A) Schematic demonstrating the working principle of the microcage
array. First, single cell(s) are trapped, then analyzed by electrorotation after that,
they are selectively released. (B) Microscope image of rotating cells simultaneously
trapped within the microcage array by alternating DEP and ROT signals. The first
DEP signal has a phase shift of 180° between neighboring electrodes and exerts a
trapping force. The second ROT signal has a phase shift of 90° between neighboring
electrodes (the electric signals on the electrodes are illustrated in red) and exerts a
torque on the cells making them rotate. Cells outside the cages are repelled and this
cannot enter due to the presence of a dielectrophoretic barrier. Reproduced with
permission from [120].

Continuous trapping and position in the microcage are achieved by applying the
trapping nDEP signal for fraction of seconds (/~ 100 ms) then the electrorotation
signal is applied [242] with a phase shift of 90 ° between the sinusoidal signal applied
at the neighboring electrodes (Fig. 4.6) to achieve the parallel trapping at different
microcages simultaneously.
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1 Theory of ELectrorotation

Recall from Eq 2.18, the DEP force acting on a homogeneous particle is:

<fDEP> - 2W€0€mR3Re[fcm]v|E|2 (413)

with €, is the permittivity of the medium,eq is the permittivity of the vaccum, R,
is the cell radius and Re[f.n| is the real part of the Clausius-Mossotti factor, which
depends on the dielectric properties of the cell and the surrounding medium. |V|E|?
is the gradient of the peak electric field. The speed of rotation for electrorotation can
be related to the imaginary CM factor from [153]

€0€Em
2n
with the medium viscosity 7 and Im|f.y] the imaginary part of the Clausius-Mossotti

factor. The Clausius-Mossotti factor’s expression depends on the model used for the
cell and is given by [243]

2=— Im[fem] E? (4.14)

€ — € 3Re
p m * * cyto
em — \ D0 /= | €, = Cmem 4.15
f (e; + 26%) p 3€iyto T 3RCH ( )
where €, €, and €, are the complex permittivity of the particle, the suspending

medium and the cytoplasm respectively and C” is the complex membrane capaci-

mem

tance defined as C* = C' — iG/w with G being the membrane conductance.

2 Cell Preparation

Microchips fabrication was achieved in CMi (EPFL, Switzerland), experiments and
cell preparation were conducted in CLSE lab (EPFL, Switzerland).

HeLa, HEK 293 and BE (2)-M17 human neuroblastoma cells are cultured in
DMEM (Dulbecco’s Modified Eagle’s Medium), human immortalized T lymphocytes
are grown in suspension in RPMI (Roswell Park Memorial Institute) Medium. In
both media, 10% FBS (Fetal bovine serum) and antibiotics are added. Before the
experiments, the adherent HeLa, HEK 293 and M17 cells are detached from the
surface of the culture flask using 1X Trypsin and all cells are resuspended in an
isotonic solution (8.6% dextrose and 0.3% sucrose) with an adapted conductivity of
100 mS/m using 1X PBS (phosphor-buffered saline). The cell concentration was
about 200,000 cells per milliliter.

To allow bubble-free flow before the experiments, the testing chips are flushed with
2 ml of the corresponding culture medium (including FBS) and subsequently with 2 ml
of the 100 mS/m solution, in which the cells are suspended. From reported literature
values, electrorotation experiments are performed at a medium conductivity of 56
mS/m, which is found to be the conductivity at which the cytoplasm conductivity
of cells can be investigated [233, 236]. However, to obtain nDEP at frequencies high
enough to avoid electrolysis at the electrodes, 100 mS/m conductive media was used.
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3 Experimental Setup & Results

Based on the cell size (diameter), the proper microchip electrode diameter (20, 40,
or 80 pm) will be selected to satisfy the right magnitude of the electric field required
to actuate the cells. HeLa, HEK 293, and M17 neuroblastoma cells are injected in
chips with an electrode diameter of 40 and 80 pm as their diameter are ~ 10 — 18
pm. Hence, they are not injected in chips with an interelectrode distance of 20 pm,
since they occasionally cause clogging due to their size, especially if cell clusters are
formed. On the other hand, T-lymphocytes can be injected in chips featuring any
of the three designs with different electrode diameter however, they would require
higher voltage application when injected inside the large electrode size chips.

The cells in suspension are driven through the device by a flowrate between 200
and 1 pL/min. With no electric field applied, they simply pass by the upstream (en-
trance) electrodes first and then the downstream (exit) electrodes. For the trapping
of cells, the arbitrary waveform generator (TTi TGA12104) creates four signals. Two
signals of 5 V,,, amplitude and a phase shift of 180° and two signals of 1 V amplitude
and a phase shift of 180°. Applying an alternating current (100 kHz) electric voltage
signal of 1 V amplitude at the entrance and of 5 V amplitude at the exit electrodes
creates a lower dielectrophoretic barrier at the entrance and a higher barrier at the
exit of the array. Due to the drag force of the fluid flow, the cells can pass the lower
entrance barrier, but cannot overcome the higher barrier at the exit electrodes which
forces the cells to be trapped within the selected microcage (Fig. 4.6A).

Once the cell is trapped in within the addressed single cell microcage, the voltage
at the two upstream electrodes is raised to 5 V amplitude preventing additional cells
to enter the trap (the voltage is changed by means of selection of a custom-built PCB
controlled by a LABVIEW program. Meanwhile, the other traps are kept open, with
an entrance voltage of 1 V amplitude. Adjacent quadrupoles now have one entrance
electrode with an applied voltage of 1 V amplitude and one with 5 V,, amplitude,
however, the dielectrophoretic barrier is still low enough to allow incoming cells to
enter the trap. Upon successful passage of sufficient amount of cells inside parallel
microcages, all traps are closed by raisin the voltage again to 5 V,, and the actu-
ating electric signal which contains a superposition between a DEP trapping (5 V,,
amplitude, 100 kHz, and a phase shift of 180° between neighboring electrodes) and
a ROT signal (2.5 V,, amplitude, a swept frequency and 90° phase shift between
neighboring electrodes) as illustrated in Fig. 4.6B. The torque induced by the ROT
signal generates on the cells causes them to rotate (Fig. 4.6A). Figure 4.6 shows a
microscope image of the measurement in which four single cells are rotating within
the array and another four cells are prevented from entering the trap Further support-
ing trapping/releasing and rotation videos can be found from supporting information
published here [120] . The frequency of the rotating electric field is swept between
10 kHz and 10 MHz in 25 logarithmic steps. Multiple single cells are rotating si-
multaneously in individual neighboring microcages. Videos of the cells rotation are
captured with a frame rate between 5 and 25 Hz using a microscope camera (Andor
Neo sCMOS) for 3 s for each electric signal frequency. Then, the rotation speed of the
cell rotation captured in the videos were extracted by an automatic pattern matching
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Figure 4.7. (A) Averaged and normalized electrorotation spectra and standard
error of M17 neuroblastoma cells (black), HEK 293 (red) cells, HeLa (blue) cells,
and human immortalized T lymphocytes (green) and their corresponding theoretical
curves based on the extracted cell parameters. (B) Evaluation of the relative change
of the absolute peak amplitude before and after the exposure to the rotating electric
field for 5 min. Reproduced with permission from [120].

algorithm implemented in custom-built LabVIEW Vi. Since T lymphocytes could not
get held against the flow by cages of 40 and 80 pm interelectrode distance, the flow
was stopped as soon as the T-lymphocytes were within the microcage array. Hence,
the nDEP force was sufficient to center them and their electrorotation spectra could
be acquired (Fig. 4.7A).

After the acquisition of the ROT spectra, the cells can be selectively released
by turning off the electric signal at one of the exit electrodes. The exit barrier is
thus reduced, and the cell is carried away by the flow as illustrated at the bottom
of Fig. 4.6A. It has been noted that HeLa, HEK 293 cells, and M17 neuroblastoma
are getting trapped in arrays with 40 pm and 80 pm inter electrode distance, while
human immortalized T lymphocytes are not due to their small cell size (~ 5—7 pm in
diameter) which requires higher electric field magnitude to sustain the same similar
DEP force exerted on the other cells. Even though the platform can provide voltages
as high as 20 V| therefore electric field, higher magnitudes were not applied to ensure
the viability of the trapped cells.

Over 125 spectra were acquired, including repeated measurements on the same cell
to verify the stability and repeatability of the system. The averaged electrorotation
spectra and its standard error of each population are shown in Fig. 4.7A. By divid-
ing each spectrum by dividing the relevant speed of rotation, the correspondent peak
speed of rotation of each spectrum. The extracted parameters are traced as a contin-
uous line in the Fig 4.7A. The first acquired electrorotation spectrum of each cell was
fitted to the single shell model discussed in section 2.2 & 4.2.1, depicted in Fig. 4.7B,
using a least square method. The cell radii were measured by the microscope in order
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to be used in the fitting model. Since our measurements were performed below a
frequency of 10 MHz, the cytoplasm parameters hardly influence the electrorotation
spectrum [243], therefore cells’ cytoplasm conductivity and permittivity values were
adapted to those reported in literature for fitting purposes. Hence, the value for T
lymphocytes [234, 244, 245] and HEK 293 cells [246-248] a cytoplasm conductivity of
0.5 S/m and a cytoplasm permittivity of 78z, (same as water) is adapted. Moreover,
M17 neuroblastoma are fitted with these cytoplasm parameters too, since these are
values commonly used for several cell lines. For HeLa cells, a cytoplasm conductivity
of 0.84 S/m is the average literature value and a cytoplasm permittivity of 60eowas
assumed [249]. The membrane conductance was fixed to a value of 100 S/m2 for T
lymphocytes [8] and 0.95 S/m2 for HeLa cells [249]. However, for HEK 293 cells and
M17 neuroblastoma the membrane conductance value was kept floating in the fitting
program.

To verify the repeatability and the effect of the ROT platform on the cells being
studied, acquisition of consecutive spectrum for the same trapped cells were achieved
for 30 mins with 5 min interval time. It was observed that the peak frequency, at
which the highest rotation speed occurs, deviated £10% from the original starting
time however, this value is lower than reported over similar time period when using
other techniques such as laser tweezers (approx. 50% in 40 min) [237] . In order
to investigate the stability of the acquired spectra over time, electrorotation of 63
cells was performed before and after 5 min exposure to nDEP trapping and rotation
within the array. The relative change of the peak amplitude is illustrated in Fig.
4.7B. About 57% cells experience a variation of less than £5%, the other vary more.
Such variation of the peak amplitude could be that the cells are observed in flow
and possibly particulates in the solution or fluctuations within the solution might
impact the rotation. However, the different contributions to this variation, on one
side the sources of noise derived by the imprecise definition of the cell position and,
on the other side, the actual changes of the rotation speed over time can be further
investigated.Figure 4.8 shows the extracted dielectric properties for cells studied using
the ROT platform. The extracted values are mostly in agreement with the literature
values. However, the specific membrane capacitance of M17 neuroblastoma, 7.49 4+
0.39 mF/m2 | was reported for the first time [120].

The throughput of the platform is limited to the field of view of the used camera.
Hence, with the current setting, the 20X magnification has a field of view of 690 pm
X 582 um. Therefore, 10 quadrupoles, with 40 pum electrode design, can be observed
at once and the electrorotation spectra of the parallel cells trapped within can be
acquired. Using the same analogy, by using 20 pm electrode design, 39 traps can
be visualized at once. On the other hand, giving that the flow rate used for the
experiments was 1 puL/min with 2 x 10° cells/ml, a new cell can be trapped within
a cage in 12 s. Hence, the time needed to fill the whole batch of traps around 90
s. Using statistical probability analysis for determining the possibility of a trap to
be filled or not, the total throughput of the device can be 600 cells/h which is very
high compared to other single cell techniques combined with laser tweezer where a
throughput of 12 — 20 cells/h can be achieved [250].

Once cells have been trapped and analyzed, they can be addressed separately
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Figure 4.8. The extracted dielectric parameters and their standard error compared
to the values found in literature. The values indicated with * were fixed. The cell
radii were measured by optical observation of the cells in suspension. Reproduced
with permission from [120].

to be released (Fig. 4.9E) thanks to the separate electrodes design and connections
that can be controlled by the operator. This design allows further manipulation,
if needed, for selective cells to go further analysis or to be released to a discharge
reservoir (Fig. 4.9).

Concluding Remarks

The aim of this chapter was to describe other electrokinetic characterization tech-
niques for cell analysis. In general, the main advantages of DEP- based microfluidic
devices are the ability to trap, manipulate, separate, sort and catheterize analytes.
Unlike separation applications, throughputs achieved from characterization devices
cannot be achieved that high. Because of the high sensitivity required to analyze cell-
s/particles which in turns requires low flow rates, high throughput characterization
techniques are not trivial. EIS-based characterization can provide dielectric proper-
ties of cells as an average of dielectric properties of bulk of cells in suspension hence, it
cannot provide reliable data compared to ROT or isoDEP. Electrorotation is a DEP-
based technique which is mainly used for single cell characterization. ROT was the
widely used DEP-based technique to precisely extract cells’ phenotypes [8, 120, 246]
with throughput of ~ 10 cells/min using parallel cages design. Despite it is nontrivial
to position individual cells within an electrode region (microcage) due to the physics
of laminar flow, it still can offer reliable data. Also, the electrode geometry needs
to be scaled to accommodate different cell sizes. Hence, ROT can be the best can-
didate when reliable single cell characterization is urgent without the need for high
throughput analysis. The platform reported by Allen, et al. [15] utilizing isoDEP-
based design can characterize the dielectric properties of particles with a throughput
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Figure 4.9. Image series of the selective trapping/release mechanism. (A-C) two
HEK 293 cells are trapped simultaneously in the microcage array. (E) Switching off
the electric signal on the very left electrode to release the left cell. (F), (G) Controlling
the signal on the electrode bordering the cell on the right releases it. Reproduced
with permission from [120].

of ~ 600 — 6000 particles/min which is one or two magnitude higher than ROT and
static electrical impedance spectroscopy based characterization (~60/min) [251] while
maintaining the same level of analytical sensitivity. Even though such throughput is
one or two magnitudes lower than flow cytometry based characterization techniques
(~ 60,000 cells/min) [252], or dynamic EIS characterization (~ 1000 — 60, 000 cell-
s/min) [251, 253].However, for high throughput EIS analysis, cells are characterized
with one or two frequencies, and not with range of frequencies like ROT or isoDEP,
hence, It cannot provide comprehensive frequency analysis. Moreover, EIS-based
technique’s sensitivity is not as high as ROT or isoDEP but, it can be the best
candidate for characterization of cells in suspension without the need for high elec-
tric field magnitudes, required for cell trapping, which ensures the cell viability and
stress-free environment for the cells. However, to achieve higher sensitivity, static
EIS systems are required, in this case, the throughput will be minimized. Also, single
cell EIS platforms requires impedance analyzers which makes the portability of such
systems nontrivial. Hence, ROT and EIS-based characterization platforms are expen-
sive and their portability for in-the-field applications is not easily realized. However,
the common advantage of ROT and isoDEP is that both require camera system to
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characterize the particles, such imaging system can provide further insights into the
particles analyzed such as size and shape. Additionally, ROT and isoDEP devices
can be incorporated simultaneously with fluorescence analysis. On the other hand,
the most distinct advantage is that the cost of IsoDEP device fabrication and oper-
ation will be significantly lower than the other techniques, especially when utilizing
the insulative-based isoDEP design which can be made disposable and be fabricated
in parallel manner to achieve higher throughput.

On the other hand, isoDEP not only can be used as a characterization tool but
also as particle separator. Such advantage is lacked in ROT or EIS applications. By
utilizing isoDEP-based electrode design, achieved by Pohl and Hawk [143] were able to
achieve separation of large-size particles with high flow rates (~9.6 pL/min) which is
comparable to the throughput achieved by traditional DEP-based separators. Kaler,
et al. [154] achieved separation throughput of ~13,320 cells/min which was limited
by the purity of the separation yield. In the same manner, Shkolnikov, et al. [158]
achieved the highest isoDEP-based separation throughput ( ~20,000 particles/min)
and efficiency (~ 70 — 80%). Although such throughputs still fall behind the one
achieved from traditional DEP-based commercialized separators, however, thanks to
the uniqueness of isoDEP geometry, parallelizing active separation regions can be
achieved without fabrication complexities to obtain higher throughput.
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CHAPTER V

DIELECTROPHORESIS-BASED CHARACTERIZATION OF LEA
PROTEINS

This chapter describes an application for dielectrophoresis-based platform that’s uti-
lized to characterize LEA proteins and their role in desiccation tolerance. The content
of this chapter is adapted from published work [254].

The ability to enter and exit anhydrobiosis relies on an array of molecular mecha-
nisms designed to repair and protect various cellular structures and macromolecules
(e.gz. DNA, RNA, proteins, membranes, etc.). Common anhydrobiotic strategies
observed in animals include the accumulation of protective osmolytes, particularly
trehalose, as well as the expression of a variety of ARID proteins including late em-
bryogenesis abundant (LEA) proteins [255, 256] and tardigrade-specific intrinsically
disordered proteins (TDPs). LEA proteins were originally discovered in plants, and
predominantly occur in the late embryogenesis stage of orthodox seeds, but were
later also found in other plant tissues and in anhydrobiotic animals [257]. Several
sequence-based grouping methods for LEA proteins have been described and this
work will adapt the grouping scheme proposed by Tunnacliffe and Wise as a means
to classify and organize groups of LEA proteins [258].

This study focuses on two different LEA proteins from A. franciscana, AfrLEA3m
and AfrLEAG, a group 3 and 6 LEA protein, respectively. While AfrLEA3m is a
mitochondrial-targeted protein, it was shown to protect artificial membranes with
a similar composition to the inner leaflet (i.e., inner side) of the plasma membrane
with the same efficacy as it protected artificial membranes with lipid composition
mimicking the inner mitochondrial membrane [259-261]. Since the vast majority of
mitochondrial proteins, including AfrLEA3m, are synthesized in the cytoplasm of
the cell, it seems plausible that AfrLEA3m before its transport into the mitochon-
drial matrix could aid in protecting the plasma membrane during desiccation. While
bioinformatic data suggests that AfrLEA3m can form amphipathic a-helices during
water stress to integrate into membranes, it remains experimentally undetermined if
AfrLEA3m can directly or indirectly interact with membranes during water stress
[262]. In contrast, AfrLEAG6 localizes to the cytoplasm as judged by bioinformatics
and confirmed by ectopic expression in Kcl67 cells (data not shown) [263]. While
group 3 LEA proteins are commonly found in anhydrobiotic animals, A. franciscana
is the only known anhydrobiotic animal to express a group 6 LEA protein, making it
an interesting target for further study. Furthermore, bioinformatics does not suggest
that AfrLEAG6 can fold into amphipathic a-helices during water stress, making it a
good candidate for comparison to AfrLEA3m.

AC-electrokinetic based techniques such as dielectrophoresis [264-269], electroro-
tation (ROT) [270-273], and electrochemical impedance spectroscopy (EIS) [274-277]
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have been used to investigate and analyze properties of biological systems. DEP mea-
sures electrical properties by applying a non-unifrom electric field to a liquid media
of a known conductivity containing suspension of cells [278-281]. The non-uniform
electrical field will induce a dipole within each cell; the induced translation of each
cell in the electrical field depends on their phenotype i.e., permittivity and conduc-
tance properties of the membrane and cytoplasm as well as the conductivity of the
solution. In this study, dielectrophoresis was used to gain insights into the molecular
mechanisms of cellular protection during water stress conferred by AfrLEA3m and
AfrLEAG, two LEA proteins from the anhydrobiotic brine shrimp, Artemia francis-
cana. Extracted DEP-based characterization data in this study demonstrates that
expression of LEA proteins from A. franciscana in desiccation sensitive cells from
the fruit fly D. melanogaster have pronounced impact on cytoplasmic conductivity
and membrane capacitance. These results show that DEP can offer a novel approach
to gain insights into the molecular mechanisms of protections this elusive class of
proteins offers during anhyrdobiosis.

Methods

1 Cells, Culture and Transfections

Kc167 cells were purchased from the Drosophila Genomics Research Center (DGRC;
Bloomington, IN). Cells were cultured on 100 or 60 mm cell culture-treated dishes
(Corning Incorporated, Corning NY) in Schneider’s media (Caisson, USA) supple-
mented with 10 % heat-inactivated fetal bovine serum (FBS) (Atlanta Biologicals,
Lawrenceville, GA). Transfections were performed as previously described with the
exception that Schneider’s media was used in place of M3+BPYE medium, and that
2.0 mg/mL G418 (ultrapure; VWR International) was used to select transfected cells
to generate and maintain stable cell lines [261]. The pAc5-STABLE2-neo vector was
acquired from Addgene (Cambridge, MA). For additional information on the pAcs-
STABLEZ2-neo vector, please see the discussion and reference [282]. Immunoblotting
with primary antibodies (Aves Labs Inc, Tigard, OR) raised against AfrLEA6 or
AfrLEA3m was performed on all cell lines to confirm transgenic protein expression
[263, 283] (Fig. 5.1).

SDS-PAGE and Western blot analyses were performed as previously described
[261]. However, primary polyclonal antibodies raised against purified AfrLEA6 and
AfrLEA3m (Aves Labs Inc., Tigard, OR; 1:5000 dilution) and HRP-linked goat anti-
hen secondary antibodies (Aves Labs Inc, Tigard, OR; 1:5000 dilution) were used for
detection.

2 SEM Imaging

Kc167 cells were plated onto an aluminum SEM stage at a concentration of 2 x 10°
cells/mL. The cells were allowed to attach to the stage for 1h in a humidified chamber
at 25 °C. Culture media was removed, and cells were then dried overnight at 10 %
relative humidity. The dried samples were sputter coated with an 18 nm film of gold
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Figure 5.1. Immunoblots confirming expression of (A) AfrLEA3m (~ 31 kDa
[260]) in Kc167 cells. Several possible higher-order structures were also identified
(#) as well as breakdown products (x). Blotting results for vector control cells (VC)
stably transfected with the expression vector but lacking inserted LEA proteins are
shown for comparison. (B) AfrLEA6 expression in Kc167 cells. The apparent Mw
was about 8 kDa larger than expected (~ 27 kDa [263]). The increased apparent Mw
might be related to post-translational modification and the known behavior of some
LEA proteins to migrate slower during SDS-PAGE than most non-LEA proteins. One
higher-order structure was also identified (#).

and palladium, and examined using a Zeiss Supra 35 VP scanning electron microscope
with an electron high tension voltage of 15-20 kV.

3 DEP Characterization

To collect cells and remove cell culture medium, Kc167 cells were centrifuged at 400
g for 2 min at room temperature. The cellular pellets were resuspended in 10 mL of
medium consisting of 85 g/L sucrose plus 3 g/L glucose, 11 mg/L CaCly, and 24 mg/L
MgCly, ~360 mOsmol/kg. In experiments using hypertonic media, the osmolarity was
brought to ~560 mOsmol /kg and ~760 mOsmol /kg with an additional 200 mM and
400 mM sucrose, respectively. To ensure complete removal of cell culture medium,
Kc167 cells were pelleted again and the final resuspension volume was approximately
1 mL. The final conductivity of the medium was adjusted to 5 mS/m using Phosphate
Buffered Saline (PBS) and the desired conductivity was verified with a conductivity
meter (HORIBA Ltd, Koyoto, Japan). The number of cells was enumerated using
a hemocytometer and adjusted to approximately 5 — 8 x 10 cells/mL (£10 %) for
the DEP measurement. In general, one sample of 5 mL of cells, ng;,, in suspension
can provide, on average, approximately 10 — 12 technical repeats, n;.., of data sets
with total number of trials, n = ny, X nge.. The 3DEP (Deptech, Ringmer, UK)

89



platform was used to study the electrical properties of the cell. The experimental
set up and electrode arrangement were used as described by Labeed and colleagues
[284]. To operate the instrument, cells are injected inside a microchip containing 20
micro wells (3DEP 806), consisting of layers of embedded electrodes. Next, the chip
is mounted on a camera setup where a light beam is directed from the top of the chip.
An AC signal of 10 V,,, and frequencies between 3 kHz and 40 MHz (at 5 frequencies
per decade) are applied to all microwells simultaneously and the intensity of light
passing through the microwells is then recorded concurrently. The intensity of light
changes depending on the movement of the cells by the DEP force, Fpgp, exerted on
them is:

Fpgp = 2mesr® Re[F,(w)]V E? (5.1)

Fpep is the force exerted on a particle of radius r in a medium of permittiv-
ity €, within an electric field, F. The dielectric proprieties of the cell governs its
movement within the non-uniform electric field. A single shell model was used which
approximates cells as spheres of cytoplasm of conductivity, o., and permittivity, e,
surrounded by a membrane of conductivity, omem, and permittivity, €,om, suspended
in a medium of conductivity, oy, and permittivity, €,. This simplified model offers a
solvable number of parameters for a DEP spectrum which is related to the data out-
put of the 3DEP platform. This is represented by Clausius-Mossotti factor, F,,,(w),
which is a function of frequency, conductance and permittivities of cell cytoplasm,
membrane and suspending media, thus:

Funl) = (25 ) )

*
6cell + 265

2 * K
T €c " €mem
* (r—d) + 25z+25fnem (5 3)
s ( r )3 _ Ez_e;knem ’
r—d €52,

* —_—
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where €, is the effective complex permittivity of the cell with r and d are the radius of
the cell and membrane thickness (d=10 nm) respectively. €* = e—jo/w represents the
complex permittivity and is a function of the permittivity €, conductivity o, angular
frequency of the electric field w. Hence, based on the sign of Re[F,,(w)], cells will
experience either a negative dielectrophoresis (nDEP), or a positive (pDEP) force.
Cells experiencing an nDEP force will be centered in the middle of the micro well
where they will be blocking the light (i.e., repelled to field minima). Conversely, the
cells experiencing a pDEP force will be attracted towards the perimeter of the micro
well, and more light will pass through the center of the micro wells (i.e., attracted to
field maxima).

Light intensity, in each micro well, was measured for 30 seconds sweeping a fre-
quency range from 3 kHz to 40 MHz. The light intensity vs frequency spectrum
generated was next fitted by an iterative least square method [284] to Egs.1, 2 and
3 to yield individual values of membrane and cytoplasmic conductivity as well as
specific membrane capacitance, ¢ = €pen/d. 3DEP light intensity bands from 4 to
9, from the platform spectrum output, were only selected for each experiment to be
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fitted, resulting in a better DEP spectrum fitting correlation coefficient R > 0.97
(Fig. 5.2). Cells were measured immediately (j17 min) after being suspended into
the DEP media to minimize artefacts due to cell stress by the non-physiological ion
composition of the medium. The time to collect and characterize approximately 10-
13 samples using the 3DEP platform takes only 15 to 17 min. To investigate the
effect of the DEP buffer on cell viability and potentially changes in the measured pa-
rameters we studied Kcl67 cells’ viability in isotonic and hyperosmotic DEP media
for up to 1 h. No significant changes in cell viability were found for up to 30 min
and all other experiments were completed in under 20 min (£SD; P > 0.05; One-
way ANOVA, Fig. 5.3). Furthermore, no significant changes in the resultant DEP
spectrum of Kc167 cells characterized within 30 min was observed (+SD; P > 0.05;
One-way ANOVA, Fig. 5.3).

Results and Discussions

In this study a detailed characterization of the electrical properties of Kc167 cells from
D. melanogaster and the changes that occur in these properties in response to acute
osmotic stresses has been achieved. Using ectopic protein-expression models, modu-
lations in the osmotic-stress response could be correlated to molecular mechanisms
of cellular protection conferred by two LEA proteins that ameliorate water-stress
damage in the anhydrobiotic embryos of A. franciscana[285]. Previous studies con-
ducted with artificial liposomes have indicated that AfrLEA3m can directly interact
with phospholipid bilayers during severe water stress[259]. Based on theses data it
was hypothesized that the specific membrane capacitance of Kc167 cells expressing
AfrLEA3m will increase during water stress, and that the specific membrane con-
ductance be unaltered if AfrLEA3m was indeed interacting directly with the plasma
membrane during moderate osmotic stress (~760 mOsmol/kg). To test this hypoth-
esis, a dielectrophoresis-based platform was used to characterize the cytoplasmic con-
ductivity, the specific membrane capacitance, and the specific membrane conductance
of cells in isotonic sucrose medium (~360 mOsmos/kg) with a low ionic strength (j
6.5 S/m), and hypertonic media of either 560 or 760 mOsmol/kg adjusted by addition
of sucrose to reach the desired osmolarity, to mimic water stress (Table 5.1). The
low ionic strength of the media was required to create a significant difference between
media conductivity and that of the cytoplasm and membrane, thereby increasing
the resolution of DEP measurements (Eq. 5.2), hence, achieving better resolution.
Conversely, relatively high media conductivity (~100 mS/m) will compromise the
reliability of the DEP measurements by introducing other electrokinetic effects (e.g.
Joule heating [113]). However, these DEP-compatible media may negatively impact
cell viability over time, since the cells are deprived of several important components
normally found in insect cell-culture media (e.g. monovalent ions, sugars, and amino
acids). Not surprisingly, a significant decrease in the values of all three fitted param-
eters (cytoplasmic conductivity, the specific membrane capacitance, and the specific
membrane conductance) was observed for control cells incubated in isotonic sucrose
media for ~ 16 h, where 100% of cells showed a collapse in membrane integrity
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Figure 5.2. Dielectrophoretic proprieties of Kcl67 cells. Comparison of DEP
spectra produced from suspending cells in isotonic media (~360 mOsmol/kg; blue),
and hypertonic media (~760 mOsmol/kg; red) for (A) Kcl67 vector control (VC)
cells averaged DEP spectra (n = 68 and n = 61). (B) Kcl67 cells expressing the
AfrLEA3m protein averaged DEP spectra (n = 72 and n = 58). (C) Kcl67 cells
expressing the AfrLEA6 protein averaged DEP spectra (n = 72 and n = 57). The
solid line curves are fits of Egs. 5.1, 5.2, and 5.3, see Methods. The y-axis relative
polarizability is a function of the [F,,,(w)] factor with positive values equivalent to
pDEP and negative values equivalent to nDEP. The respective correlation coefficient,
R, values for all fitted curves were R > 0.97.
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Figure 5.3. Viability of Kcl67 cells is significantly reduced when incubated for
up to 60 min in low ionic strength (< 6.5 S/m) isotonic sucrose medium (~ 360
mOsmol/kg). White bars represent 0 min incubation, grey bars represent 30 min
incubation, and black bars represent 60 min incubation. Letters denote significance
(i.e., “A” and “B” are significantly different from one another, but neither are sig-
nificantly different from “A,B”) (£SD; p < 0.05; One-way ANOVA).

(Table 5.1, VC-Dead). Furthermore, the viability of cells in isotonic sucrose media
was also significantly reduced after only 60 min of incubation for non-transfected
control and vector control cells, indicating the time-sensitivity of the measurements
(Fig. 5.3). However, there was no significant reduction in viability for up to 30 min
of incubation for any cell line in all DEP media employed. Based on these data,
all other measurements were completed within | 18 min to avoid artifacts caused by
cell death. There was no significant difference observed in any fitted values between
non-transfected control cells and vector control cells demonstrating that expression
of transgenic genes such as the aminoglycoside 3'-phosphotransferase to confer G418
resistance, does not per se change the electrical properties of cells (Table 5.1).
Interestingly, there was an ~41 % and ~51 % increase in the cytoplasmic conduc-
tivity of cells expressing AfrLEA3m and AfrLEAG, respectively, over vector controls
under isotonic media conditions. The impact on cytoplasmic conductivity was sur-
prising, given that the concentration of cytoplasmic ions is much higher than the con-
centrations of ectopically expressed proteins. Cytoplasmic conductivity is assumed
to be primarily affected by the intracellular [K*] and, to a lesser amount [Cl™], given
their relatively high concentrations compared to other ions, charged molecules, and
macromolecules. The specific membrane capacitance (i.e., the capacitance of the
membrane normalized to the unit cell cross section and membrane area), is defined
here as the ability of a membrane to hold an electric charge. By treating the mem-
brane as a dielectric slab, with a relative permittivity (e,), that is flanked by two
parallel plate electrodes that are distance (d) apart, each with an area (A), and a
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Table 5.1. Extracted cellular electrical constants (cyotplasm conductivity, S/m,
Specific membrane capacitance, mF/m? and conductance, S/m?) of Kc167 cells.

Isotonic sucrose/glucose
medium + CaCl, and MgCly
(360 mOsmol/kg)

Hypertonic sucrose/glucose
medium (+200 mM sucrose)
(560 mOsmol/kg)

Hypertonic sucrose/glucose
medium (+400 mM sucrose)
(760 mOsmol/kg)

Cytoplasm conductivity (S/m)

Kc167 Vector control (VC)
Non-transfected control
VC-Dead

AfrLEA3m

AfrLEA6

Specific membrane capacitance (mF/m?)

Kc167 Vector control (VC)
Non-transfected control

0.152 =+ 0.016 (n=68)
0.162 + 0.014 (n=18)
0.032 £ 0.002° (n=7)
0.215 £ 0.018% (n=72)
0.23 & 0.0186" (n="72)

10 + 1.6 (n=68)
10.5 + 1.6 (n=18)

0.192 £ 0.009' (n=62)

0.172 £ 0.007*" (n=63)
0.188 + 0.0163* (n=61)

114 + 1.18 (n=62)

0.189 + 0.012* (n=61)

0.139 + 0.014* (n=58)
0.126 + 0.015* (n=57)

12.6 + 1.3 (n=61)

VC-Dead 2.7 4 0.06° (n=7)
AfrLEA3m 9.8 + 1.2 (n=72) 14.7 £ 1.6 ** (n=63) 14.2 + 0.8*" (n=58)
AfrLEAG 118 + 1.8 (n=72) 12.4 + 1.53 (n=61) 15.0 + 3.0 (n=57)

Specific membrane conductance (S/m?)

Kc167 Vector control (VC) 793 £ 63 (n=08)
Non-transfected control 812 + 38 (n=18)
VC-Dead 503 £ 43 (n=7)
AfrLEA3m 758 £ 75 (n=72)
AfrLEA6 710 £42 (n=72)
Cell diameter (pm) 10 + 0.23 (n=7)

1114 + 80° (n=62) 1129 + 132* (n=61)

878+73 Y (n=63)
956 + 62" (n=61)
9.2 + 0.31 (n=10)

915 + 73*" (n=58)
1050 + 110° (n=57)
8.9 + 0.21 (n=10)

dielectric constant (¢), giving rise to the equation Cyem = (€)(€0)/(d) (Farad per
unit area). In reference to the cell, changes in the specific membrane capacitance
can be affected by the dielectric constant, €y, (determined by the composition of
the membrane), the area of the membrane (i.e., morphology), and the thickness of
the plasma membrane (particularly within the insulating hydrophobic tail region)
[286]. The specific membrane conductivity is simply the ability of a electric current
to pass through the membrane and was generally thought to be primarily impacted
by membrane thickness, gating state of ion channels, and area [287]. However, recent
data has shown that an increase in ion eflux or influx can increase the specific mem-
brane conductivity and concurrently decrease cytoplasmic conductivity, while both
membrane thickness and area remain unchanged [288]. In absence of ion-channel in-
volvement, any increase in membrane thickness should decrease both, the membrane
conductance and capacitance, while an increase in membrane area should increase
both values [278]. It was hypothesized that AfrLEA3m would interact with the inner
leaflet of the plasma membrane during acute osmotic stress. Bioinformatic analy-
sis predicts that AfrLEA3m folds into amphipathic a-helices during water stress,
whereas AfrLEA6 does not [262]. Amphipathic a-helices are often associated with
membrane interactions (i.e., a protein would be able to interact with charged phos-
pholipid head groups, as well as their hydrophobic tail region). This may cause a
change in its dielectric constant, €y, while not significantly impacting the mem-
brane thickness and area (i.e., the specific membrane capacitance increases, while
the specific membrane conductance would remain constant). In contrast, AfrLEA6
was hypothesized to not interact with the inner leaflet of the plasma membrane, and
thereby any change (positive or negative) observed in the specific membrane conduc-
tance may lead to changes in the specific membrane capacitance.

Data in Table 5.1 shows that the specific membrane conductance and capacitance
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were unaffected by the ectopic expression of either AfrLEA3m or AfrLEA6. The
effect of both proteins on cytoplasmic conductivity could be mediated by direct or
indirect interactions with ion channels causing an influx of monovalent ions (i.e., in-
creasing the concentration of a simple electrolyte such as K* or Na™ will theoretically
increase the cytoplasmic conductivity). In the case of red blood cells, however, the
specific membrane conductivity and cytoplasmic conductivity move in antiphase with
rhythmic efflux of KT ions [288]. The lack of KT and Na't in the employed DEP-
media and presence of only minor amounts of divalent ions make a mechanism based
on ion influx highly unlikely.

An alternative mechanism might be that, due to the highly hydrophilic and
charged nature of AfrLEA3m and AfrLEAG6, the mobility of monovalent ions sur-
rounding AfrLEA3m and AfrLEAG6 is effectively higher than VC cells, without ac-
tually changing ion concentration. This may increase the molar conductivity of the
cytoplasm. Molar conductivity (A,,) is defined as the relationship between electrolyte
concentration (c¢), and conductivity (). In the equation (A,,) = (k)/(c), any increase
in electrolyte concentration will decrease molar conductivity [286]. This is due an in-
creasing drag force being placed on a given diffusing ion as the concentration of ions
of an opposite charge increase (i.e., Debye-Huckel theory). If the equation is written
instead as k = (A,,)(c), then it becomes clear that an increase in molar conductivity
at a constant ion concentration will increase cytoplasmic conductivity. This alterna-
tive mechanism is supported by molecular dynamics simulations of polyelectrolytes
(highly charged polymers) and simple electrolytes, where increasing the concentration
of polyelectrolytes increased the dispersion of ions around the polymers and thereby
increased the molar conductivity of the ions [286]. In addition, the cytoplasmic con-
ductivity of cells expressing AfrLEA3m or AfrLEAG6 progressively decreases as the
cells were exposed to hypertonic solutions (Table 5.1). This is in stark contrast to
vector control cells, which displayed a cytoplasmic conductivity that progressively
increased when exposed to increasingly hypertonic solutions. In the case where the
electrolyte concentrations are increasing, as would be the case when osmotically ac-
tive water is being pulled out of the cell due to hypertonic stress, conductivity should
decrease if molar conductivity decreases. However, the equation x = (A,,)(¢) does
demonstrate that increasing ion concentrations in a cell should increase the conductiv-
ity of the cytoplasm. However, this assumes that the decrease in molar conductivity
is sufficiently outweighed by the increase in electrolyte concentrations. This can be
observed in vector control cells under osmotic stress, where a decrease in cell volume
leads to a subsequent increase in intracellular ion concentrations and cytoplasmic con-
ductivity. In case of cells expressing AfrLEA3m and AfrLEAG6, the observed decrease
in cytoplasmic conductivity during hyperosmotic stress may be a result of a decrease
in molar conductivity out-weighing the increase in electrolyte concentration, leading
to a net loss in cytoplasmic conductivity (i.e., in K = (A,,)(c), the decrease in (A)
outweighs the increase in (¢) and leads to a reduction in (k). This data suggest that,
under isotonic conditions, LEA proteins are unentangled and increase the cytoplasmic
conductivity by behaving as typical polyelectrolytes, thereby increasing cytoplasmic
ion diffusivity [289]. During osmotic stress, the decrease in cellular volume may be
sufficient to concentrate LEA proteins enough to shift their dynamics from a semi-

95



A Vector Control at 2,000x Magnification ] AfrLEA3m at 2,000x Magnification

Figure 5.4. SEM images demonstrating that cells expressing AfrLEA3m retain a
more circular shape after complete desiccation and have pore-like formations in their
plasma membranes. Vector control (VC) cells (A) and cells expressing AfrLEA3m
(B and C) were completely desiccated prior to imaging. (D) Pores were observed
exclusively in intact, desiccated AfrLEA3m cells. Scale bars for A-C represent 5 pm,
while the scale bar for D represents 100 nm.

dilute, unentangled regime to an entangled regime. Under entangled conditions the
effect of LEA proteins on ion diffusivity may be negated [289, 290].

When Kc167 cells were challenged with hyperosmotic stress (~570 and 760 mOsmol /kg),
cells expressing AfrLEA3m experienced a sharp increase in in specific membrane ca-
pacitance (~ 56 % ). However, specific membrane conductance did not significantly
change when cells expressing AfrLEA3m were challenged with a moderate hypertonic
stress of 570 mOsmol/kg. In the case of the osmotically stressed cells, the radius
decreases by approximately (~ 11 % ) and, in turn, should increase the specific mem-
brane capacitance by (~ 11 % ). However, this increase does not sufficiently explain
the observed (~ 56 % ) increase in specific membrane capacitance. No apparent
differences in cell morphology (aside from reported changes in cell diameter; Table 1)
were observed when cells were subjected to severe osmotic stress (~760 mOsmol/kg)
and imaged with confocal microscopy (data not shown).
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Further analysis of the data relies on two assumptions; first, the effective area
of the membrane surface is changing, hence changing the capacitance of the mem-
brane (Cpem = ¢€o€,/d), where ¢ membrane topography parameter that represents
the ratio of the actual membrane area of the cell to the membrane area (47w R?) that
would form a perfectly smooth and spherical covering of the cytoplasm and it is pro-
portional to the ‘roughness’ of the membrane surface. Furthermore, cells subjected
to the hypertonic media would shrink them causing the membrane to wrinkle lead-
ing to an increase in ¢ (=~ 1.5) and therefore C,, 278, 291]. Similar results were
observed for salivary gland cells (Drosophila, Chironomids and Sciarids), where ¢
ranged from 160 to 830 [292]. Furthermore, the change in membrane effective area
is further proved by the data reporting a decrease in membrane capacitance of cells
suspended in hypotonic media due to cell swelling and the opposite effect when sus-
pended in hypertonic media [291, 293-295]. However, it’s also noted that this increase
in Clem, for Kc167 cells expressing either AfrLEA3m or AfrLEA6 suspended in 760
mOsmol/kg, does not mean the formation of blebs or shriveling of the membrane, as
there was no indication of apoptosis or necrosis of the cells [296, 297]. These data
were supplemented with SEM imaging. After complete desiccation for 18-24 h, cells
expressing AfrLEA3m retained a more circular morphology than vector control cells,
which displayed a variety of shapes and sizes (Fig. 5.4, A and B). In addition, cells
expressing AfrLEA3m often displayed relatively large pore-like structures that were
never observed in vector control cells (Fig. 5.4, C and D). These pore-like structures
may be stress points where the membrane begun ripping apart but complete lysis was
stopped due to the presence of AfrLEA3m. Indeed, vector control cells can often be
seen with large tears that allows for cytoplasm to leak out while desiccation is still
occurring. Data in Table 5.1 shows no significant difference of the membrane con-
ductance of Kc167 cells expressing AfrLEA3m indicating that the cell membrane is
intact, and cells did not exhibit either necrosis or apoptosis. Moreover, this increase
in the membrane conductance (~ 16 % ) for osmotically stressed AfrLEA3m can be
attributed to the effective area of the membrane surface (Gpem = ¢Go where ¢ ~ 1.2)
which is close to the actual increase in Gem (= 1.5). However, the increase in mem-
brane conductance of the Kc167 vector control could be attributed to degradation of
the plasma membrane [297].

The second assumption states that the relative dielectric constant, ¢,, and thick-
ness, d, of the membrane are changing due to the expression of LEA proteins as
well as osmotic stress imposed from the hypertonic media, with the relative dielec-
tric constant, €,, surprisingly increasing due to the expression of the LEA proteins.
The presence of organelles, structures, or polypepetides such as LEA proteins will
contribute to the internal dielectric properties of the cell. Several studies reported
changes in the dielectric constant which in turns have an influence on the membrane
capacitance [298-300]. Gentet et al. [301] showed minor decrease in the membrane
capacitance (~ 6%) due to expressing glycine receptors and other membrane proteins
in embryonic kidney cells (HEK-293). Similarly, Stoneman et al. [302] also reported a
decrease in the membrane capacitance of yeast cells (~ 7 %) overexpressing a G pro-
tein coupled receptor (Ste2p protein). In contrast to our work, these two experiments
did not induce any osmotic stress on the cells being studied. The C\,er, value mostly
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reflects the properties of the hydrophobic layer of the membrane, which is populated
by the hydrocarbon tails of the phospholipids and hydrophobic segments of integral
membrane proteins [303]. Considering that AfrLEA3m is expected to only fold into
its native structure in response to water stress, the observed increase in membrane
capacitance under osmotic stress is not surprising. Therefore, Kc167 cells express-
ing AfrLEA3m will yield different membrane capacitance (Ciem) and conductance
(Gmem) values when subjected to hyperosmotic stress. It should be noted that the
pore-like formations in the SEM images (Fig. 5.4. C,D) only form in the completely
dried state. In case of pore-like formations occurring during osmotic stress of ~760
mOsmol/kg, then the relative dielectric constant of the membrane would decrease by
a factor of approximately one fourth [278]. This is in contrast to the observed in-
crease in specific membrane capacitance in cells expressing AfrLEA3m. Formation of
~ 200 — 300 nm large pores would result in a loss of membrane integrity, but this was
not observed during preparation of cells for hyperosmotic stress experiments (data
not shown). Furthermore, our data suggest that AfrLEA3m is integrating, at least
to some capacity, into the plasma membrane which agrees with previously published
results that suggests AfrLEA3m protects membranes during water stress [259].
Lacking any apparent propensity to form amphipathic a-helices, AfrLEAG6 is an
ideal protein to compare to AfrLEA3m [262]. In comparison with AfrLEA3m, cells
expressing AfrLEA6 experienced a significant increase in membrane conductance,
but not specific membrane capacitance, when challenged with moderate hyperos-
motic stress (~570 mOsmol/kg). Furthermore, specific membrane capacitance for
cells expressing AfrLEA6 was not significantly different than what was observed for
vector control cells under all conditions. The observed increase in specific membrane
conductance for cells expressing AfrLEAG, as well as vector control cells, is thought
to be due to an efflux of monovalent ions (likely by gated ion channels) that is ame-
liorated when AfrLEA3m integrates into the membrane as well as the change in the
effective area of the membrane surface (i.e., ¢) which influences both Ciem and Grem-

Concluding Remarks

In summary, a dielectrophoresis-based platform was used to characterize the elec-
trical proprieties of Kc167 cells from D. melanogaster expressing late embryogenesis
abundant proteins from the anhydrobiotic embryos of A. franciscana. The increase in
cytoplasmic conductivity observed in Kc167 vector control cells under osmotic stress
is related to the reduction in cell volume and the increase in ion concentration. We
hypothesis, that the increase in cytoplasmic conductivity, for cells ectopically ex-
pressing AfrLEA3m or AfrLEAG6, under isotonic conditions, is related to both LEA
proteins behaving as typical polyelectrolytes increasing the diffusivity of cytoplasmic
ions. Under osmotic stress conditions, the protein dynamics shift from an unen-
tangled regime to a concentrated regime which leads to a decrease in cytoplasmic
conductivity. In case of AfrLEA3m being activated during osmotic stress then the
increases in the specific membrane capacitance during hyperosmotic stress may be due
its direct interactions with the plasma membrane. The increase in specific membrane
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conductance observed in Kc167 vector control cells was related to changes in plasma
membrane morphology during hyperosmotic stress. In contrast, for cells ectopically
expressing LEA proteins, the increase in specific membrane conductance is driven by
a change in the effective area of their membrane surfaces in addition to any changes
in membrane morphology that may occur during hyperosmotic stress. Altogether,
these data support the utility of cellular DEP-based characterization as a powerful
tool to identify protein-membrane interactions in vivo when direct observations are
challenging.
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CHAPTER VI

OBSERVATION AND CONCLUSION

A topic search using Web of Science (April 2021) showed over 5,530 publications for
“dielectrophoresis” compared to eleven results searching “isomotive dielectrophore-
sis”, most of the latter published within the past decade. Various microfluidic ap-
plications have successfully demonstrated DEP as a method for the separation, con-
centration, and trapping of bio-particles. However, utilizing DEP for multi-frequency
quantitative characterization has not been intensively studied. Besides isoDEP, the
only viable multi-frequency analysis techniques are ROT and 3DEP. Thus, isoDEP
could be considered as a robust characterization tool due to its ability to generate
the constant gradient of the field-squared (VE? ) thereby creating a uniform ap-
plied force. However, further development of isoDEP is needed to demonstrate its
reliability and efficiency for characterization, continuous separation, and purification
of particles with high throughput.

The specific objective of this project entailed: (1) design/optimization, fabrica-
tion, and characterization of an isoDEP platform. (2) assess electrohydrodynamic
forces and design rules to mitigate their effect in isoDEP device (3) comparing
the isoDEP platform with alternative characterization techniques such as electrical
impedance spectroscopy and electrorotation as well as, demonstrating the application
of microfluidic DEP-based platform for cells analysis.

Design /optimization, Fabrication, and Characterization of an
[soDEP platform

The design of the isoDEP microfluidic chip incorporated microchannels either in
electrode-based or insulative-based designs. The electrode-based design encompassed
mainly extruded silicon wafer to form the microchannel while the insulative-based
design had glass substrate and photoresist polymers as the main device layers. Dif-
ferent microchannels were designed based on the 8, the characteristic electrode spac-
ing (0 = rgo for electrode-based and 6 = L for insulative-based devices). Various
electrode spaces (§) of 20, 40, 100, 200, 300, 400, and 500 pm) was fabricated and
tested for particle analysis. Despite that the initial experiments demonstrated that
electrode-based designs are more efficient and reliable more than insulative-based de-
signs, they suffered from significant disturbances from undesired electrohydrodynamic
forces although they did not require as large of voltages.

For an inexpensive microchip fabrication, PDMS replicas were obtained from a
master mold which made it possible to test multiple chips without the need for con-
tinuous cleanroom visits. Although bonding between PDMS and ITO coated glass
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substrates was enhanced by oxygen plasma (using a plasma wand), the PDMS/ITO
device (Fig. 3.1) was prone to detachment due to fluid injection. On the other hand,
SU-8 based microchannels were not complex to make though, the need to cover the
microchannel with a cover slip caused some undesired fluid motion. The only way to
inject the sample through the SU-8 based devices was to fill the sample then place
the coverslip on top. There was additional complexity with drilling inlet /outlet ports
in the coverslip and finding coverslips that would adapt to the design. Future SU-8
designs could incorporate alternative sealing substrates (instead of coverslips) as well
as use a thin film of SU-8 as a bonding layer.

On the other hand, dry film photoresist based devices (Fig. 3.2) offer a straight-
forward and inexpensive method of device fabrication. The device offers a promising
quick testing prototypes as well as, a monolithic isoDEP device can be made to
achieve a covered top microchannel which can eliminate issues faced with the SU-8
based devices. Fabricating electrodes on PDMS through conductive paint (Fig. 3.3)
offered a good solution for PDMS/PDMS bonding which can minimize the issues
regarding detachment of the microchannel when high-pressure fluid flow is injected.
However, the high resistances of the coated electrodes make the application of high
frequency signal nontrivial. Also, damage to the electrodes has been easily occurring
when high electric field has been applied.

Throughout the project, there were efforts to incorporate automated fluid handing
with iSoDEP for cell analysis. Microfluidic flow control system (Fluigent MFCS-
EZ) was used to control the inlet fluid flow to avoid undesired fluid motions due to
tubing or manual handling. A 2-way microvalve was used as intermediate control
unit (Labsmith AV201 3-port Microfluidic selector valve) before the flow was injected
to the microchannel. This valve ensured the full stoppage of the fluid flow during the
analysis of the particles. An acrylic substrate was design using laser cutting tools to
work as the handle of the isoDEP chip with access to inlet/outlet ports to ensure the
rigidity of the tubing and reduce undesired motion and vibration. The fluid flow rate
was controlled by the operator through the vendor’s software. On the other hand,
the main challenge to the isoDEP device testing was the amplifiers used to obtain
high electric field application at higher frequencies. Hence, a custom-built amplifier
was achieved to ensure the application of high electric field at ~ 3 kHz-30 MHz also,
to ensure portability of the platform.

Most of the devices fabricated have been tested with phytoplankton cells. However
due to the lack of repeatability of the experiments, the results were not included in
this dissertation. In addition, the phytoplankton cells contain flagella that keeps them
in motion when suspended in aqueous media. Recalling that isoDEP devices require
the flow to be undisturbed during the analysis, makes it not a strong candidate for
analyzing mobile cells such as phytoplankton. However, successful nDEP and pDEP
force demonstration was achieved with suspended phytoplankton cells, but the high
electric field used (~ 10° V/m) might cause cells stress which could compromise the
measured dielectric cell properties.
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Figure 6.1. An image of the isoDEP platform

Design Rules to Mitigate Electrohydrodynamic Effects in IsoDEP
Device

Several fabrication and device designs have been made to obtain a better DEP anal-
ysis microfluidic device that was used to investigate the properties of phytoplankton
cells. It was concluded that devices fabricated by full depth etching using DRIE
to create the microchannel resulted in a good DEP response at lower voltages com-
pared to devices made from PDMS microchannel bonded to patterned ITO coated
glass electrodes. However, rough wall surface containing etched silicon spikes gen-
erates high localized electric field that generates localized heating which generated
electrothermal vortices that compromised the operation of the device. Therefore,
isoDEP microchannel made from insulative PDMS can minimize this ETH effect by
placing electrodes far from the analyzing region. In addition, it can be easily tailored
to the desired cell size and microchannel height, but it requires a higher AC voltage
amplitude which requires expensive amplifiers to provide high amplification (> 100
V) at high frequency (> 1 MHz).

Despite the efforts to redesign the isoDEP chips, all device fabricated suffered
from high electrohydrodynamic effects whenever tested (Fig. 3.6). Electrohydrody-
namic motion was observed at larger applied potentials (> 50 V for microelectrode
isoDEP and, ; 120 V for insulator isoDEP). Subsequent scaling law analysis was de-
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rived to understand the heat transfer inside an isoDEP device and the sources of the
undesired forces in order to minimize them with respect to the dielectrophoresis force.
AC electroosmosis was expected to be negligible inside an isoDEP device as the tan-
gential component of the electric field at the electrode surface is significantly weaker
compared to other studied ACEO micro-electrode geometries like interdigitated elec-
trodes. Hence, the electrothermal forces are mainly the cause for the undesired motion
of particles when high electric field magnitudes are applied.

Intuitively, the key design parameters to reduce ET flow is to facilitate heat trans-
fer normal to the electric field direction and reduce heat transfer in the direction of the
field. Insulative-based devices were expected to have a better heat transfer perspec-
tive as the temperature gradients are orthogonal to the direction of the electric field
(Fig. 3.9), which makes them favorable devices to maximize the heat transfer. On
the other hand, the electrode-based device benefit from the conductive microchannel
which serves as a heat sink compared to a glass substrate -based device. However, in
both cases, it was concluded that the microchannel dimensions impact of the isoDEP
device performance (Fig. 3.11). Having a material of high thermal conduction co-
efficient can enhance the heat transfer. Using a silicon-based substrate reduced the
ET-induced fluid motion to the DEP induced one (vgth/vpgp) 10 times compared to
glass substrate. In addition, having the microchannel thickness (height) and width
to be below10x the diameter of the particle being studied, minimize the effect of the
ET-driven flow is reduced by ~ 500 times.

Further device fabrications were further attempted to design an isoDEP device
with maximized DEP force operation. The SU-8 based devices were easily tailored
to the new smaller microchannel thickness. However, due to the small channel height
(~ 20 — 40 pm) made fluid handling nontrivial (Fig. 3.12).

Despite having rough sidewalls in the DRIE silicon-based isoDEP devices (Fig. 3.1),
the sidewall quality improved due to the smaller etching depth (~ 35 pm, Fig. 3.13).
The silicon wafer would also improve heat transfer and reduce ET flow. Hence, a
silicon on insulator wafer was used to simultaneously provide both small electrode
layer as well as a high thermally conductive handle layer. However, the impedance
between the isoDEP electrodes was higher than between the electrodes and handle
substrate, leading to a weaker electric field applied to the sample (Fig . 3.14). Hence,
another microchannel thickness and rgy parameters can be attempted and simulated
to predict the feasibility of the design prior to the fabrication. Electroplating and
pyrolyzed SU-8 (Fig. 3.15) structures offered a very smooth sidewalls and controlled
channel thickness. However, the nonuniformity of the electroplating process made the
application of VE?2 _ nontrivial. Also, the nonuniform shrinkage in the pyrolyzed SU-
8 structures affected the microchannel contour, channel thickness, and width which
in turns compromised the application of the proper electric field signal.
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Characterization of Cells utilizing impedance Spectroscopy, Elec-
trorotation, and DEP-based Platform

The isoDEP platform can be compared to other cell characterization techniques such
as electrochemical-based impedance spectroscopy, electrorotation, and an existing
DEP-based commercial platform (3DEP Deptech). In the future, such studies can be
used to verify the operation of isoDEP. As mentioned previously, phytoplankton have
flagella which enable them to swim. Despite applied DEP forces, reliable isoDEP
characterization of mobile cells is nontrivial. The same issue occurred for the 3DEP
platform; hence, reliable extraction of cell’s dielectric properties was not possible with
that platform (data not reported). Hence, EIS-based technique was the best candidate
to provide extraction of single cell phenotype from cells in suspension. This approach
does not require the swimming phytoplankton to be trapped or stressed due to the
experiment. Additionally, low applied voltages (max 1 V) ensured the cells were not
compromised by the applied field. The impedance measurement was acquired for
multiple wells with buried, isolated electrodes at the bottom of each wells. A custom-
built PCB ensured the addressing of each well separately and provided the connection
to the impedance analyzer. Despite of the goal of the study was to differentiate
between healthy and non-healthy phytoplankton cells, the concluded data showed no
significant difference between cells cultured in nitrogen abundant and deficient media.
However, successful differentiation between phytoplankton species was achieved based
on the specific membrane capacitance of the cells.

Electrorotation was investigated for label-free multiple single cells analysis. The
3D electrode design ensured the application of the electric signal across the depth of
the microchannel ensuring the uniformity of the applied DEP force. Also, 3D ROT
allows the trapping of the cells regardless of their position inside the flow compared
to the conventional 2D electrode design where the DEP force is maximum near the
planar electrodes and decreases drastically far from the electrode surface [13]. The
parallel and separate electrodes connections enabled independent addressing of the
microcages. Different microcage sizes (electrode spacing of 20, 40, and 80 pm) were
fabricated based on the size of the studied cells. Negative DEP trapping was utilized
to hold the cells, against the flow, within the center of the quadrupoles, then the
electrorotation signal is applied alternatively. The cells within the cages can be
from different populations, and the ROT spectra of each cell is acquired regardless
of the cell type. The extracted membrane capacitance for HeLa, HEK 293, and
human immortalized T lymphocytes are in agreement with the literature. Moreover,
the dielectric properties of M17 neuroblastoma cells were characterized and reported
for the first time by using electrokinetic based technique. The throughput of the
device could be around 600 cells/h which demonstrates one of the highest reported
throughputs of single cell characterization technique.

3DEP (DEPTech Ltd) platform was used characterize the mechanism of different
LEA proteins from the brine shrimp Artemia franciscana (a primitive arthropod that
lives in saline water [304]) in the Drosophila melanogaster cell lines Kc167 (12 — 15
pm in diameter). Three different Kc167 cell lines have been prepared to study their
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DEP measurements and spectra. (i) Kcl67 cells is used as a control line, while (ii)
Kc167 containing AfrLEA1.1, a group 1 LEA protein which resides in the cytoplasm
with a total of 182 amino acids[305], as well as (iii) Kc167 containing AfrLEA3m,
a group 3 LEA protein which resides in the mitochondria with a total of 307 amino
acids. DEP spectra of three different Kc167 cell lines were obtained, showing minor
differences between the membrane’s properties of control line cells and cells containing
any of the LEA proteins in isotonic media. However, at higher frequencies in the DEP
spectra the cytoplasm properties of the cells were found to be significant, especially
with the cells containing AfrLEA3m protein, indicating its activity is majored inside
the cytoplasm more than in the membrane. Cells expressing LEA proteins showed
preservation in membrane integrity when conferring stress (hypertonic media), while
control cells’” membrane were compromised due to the osmotic stress. This work
demonstrates the strength of DEP as a tool for cell characterization.

Further investigation of LEA proteins and their roles in desiccation tolerance can
be achieved through studying different proteins from different groups. Currently, tre-
halose which is an excellent lyoprotectant found in anhydrobiotic organisms has sim-
ilar role in dessication tolerance. Trehalose has been loaded into red blood cells using
sonoporation microfluidic device which demonstratd the potential of sonoporation-
mediated trehalose loading to increase recovery of viable red blood cells (RBCs) when
dried for preservation and then rehydrated [306]. 3DEP (DEPtech) platform can be
utilized to investigate and characterize the effect of sonoporation of loaded trehalose
to preserve the RBCs in a similar procedure to the work presented here regarding
LEA proteins. The results regarding the dielectric properties of RBCs can provide
insights regarding the mechanism of trehalose sugar in protecting the cell membrane
which in turns opens the avenues for further biological application for dry preserva-
tions of cells. Moreover, the data obtained from 3DEP platform can also be used to
verify the operation of the isoDEP device and its resolution for characterization the
cell membrane changes.

Comparing the potential of isoDEP against other electrokinetic techniques shows
that the isoDEP can offer high sensitivity characterization similar to ROT while
potentially achieving a higher throughput (~ 10 — 100 particles per second). The
expected isoDEP throughput is lower than traditional flow cytometry and dynamic
EIS platforms, but it is label-free and enables comprehensive multi-frequency anal-
ysis. Further, isoDEP could be coupled with imaging flow cytometry [? | for more
comprehensive analysis. The fabrication of isoDEP chips is not as complicated as
the fabrication of EIS or ROT platforms, especially for insulative-based devices. In
addition, the isoDEP requires less electronic hardware to operate compared to costly
waveforms for ROT (four-channel waveform generators are needed) or EIS (where an
impedance analyzer is required for highly sensitive impedance measurements), thus
making isoDEP a better candidate for in-the-field dielectric characterization tool for
biological applications and environmental monitoring. Existing platforms such the
3DEP platform are not cheap and cannot provide reliable characterization for mov-
ing cells (e.g., phytoplankton cells). Moreover, population-based characterization
techniques, such as 3DEP platform, which derive the dielectric properties of single
cell from cells in suspension is nontrivial and cannot provide reliable data due to the
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change in cell population diameters which is an important fitting parameter for single-
shell model. Additionally, by considering the relationship between light intensity and
DEP properties of the cells which is unreliable when compared to the relationship
between the cell velocity and its Clausius-Mossotti factor which is well defined and
governed by equations (Eq. 2.35).

Unlike EIS or ROT, isoDEP platform can be used as a particle separator with the
incorporation of hydrodynamic focusing and the incorporation of multiple outlets.
Traditional DEP-based separation techniques such as DEP field-flow fractionation
(DEP-FFF) [307-309] and traveling wave DEP (TwDEP) [310, 311] offer continuous
flow particle sorting and separation, which is suitable for sub-micron analytes. Other
techniques such as techniques utilizing gravitational force combined with nDEP bar-
rier can offer higher throughput (~ 17,000 cells/min) compared to traditional DEP
devices while maintaining descent high separation efficiencies (~ 95%) and yield
[312, 313].On the other hand, isoDEP platforms can achieve high throughput separa-
tion (from 13,320 to 20,000 particles/min) [154, 158] while maintaining high flow rates
which is comparable to the throughput achieved by traditional DEP-based separators.

Future Work

The initial finding of this work provided a solid foundation for future improvement
and applications of the isoDEP platform. Possible improvement can be the redesign
and fabrication of the isoDEP electrode-based devices using electroplating techniques.
Further investigation can be made to take into account the effect of slow metal plating
time to provide a uniform final metal device layer. Following the isoDEP design rules,
channel thickness and width of about 40 pm can provide a better aspect ratio and
can be achieved with controlled plating settings.

Moving forward, to provide a full portability of the isoDEP device, further in-
vestigations are required using square waves signals instead of AC signals or the use
of discrete AC frequencies (for example, 3DEP applies twenty fixed AC frequencies)
would minimize the need for an AC generator. A PCB that can provide multi-
plexer/switching between various RF transformers where each RF transformer can
provide a discrete AC signal with high amplification at a specific frequency range.
Hence, it can eliminate the need for bench-top and bulky amplifiers.

Additional challenges for isoDEP is better fluid handling and reducing unwanted
electrohydrodynamics. This includes reducing electrothermal forces, limiting tubing
movement and vibrations, and developing methods for effective and rapid intermittent
stopping of fluid flow. However, isoDEP analysis using a continuous flow platform is
possible. This approach analyses the streamlines of particles while passing through
the device.Once the DEP force is applied, the particle’s velocity will change. By
tracking such change, the related DEP induced velocity can be calculated over a
range of frequencies hence, a comprehensive characterization for particle in flow can
be obtained. By integrating the RF transformers, discrete application of selective
frequencies can be applied to study the response of the particle fur to the applied
DEP force. The DEP force would be applied intermittently at different frequencies
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while the velocity of each particle is simultaneously trapped. Hence, particles can be
characterized while they are passing through the channel, this approach also increase
the throughput of the isoDEP device.

Perhaps, the most important task in the future will be more comprehensive ver-
ification of the isoDEP devices through testing of biological particle. It would be
advised to test non-swimmer cells (e.g., yeast, mammalian cells) instead of phyto-
plankton cells which can provide reliable data and ensure the stress-free environment
for the cells being studied because high electric field magnitudes are required to to be
applied to overcome the motion of the swimmer cells. By following the design rules,
fabrication of isoDEP chips with minimized electrothermal effects can be achieved.
Therefore, electric field magnitudes can be reduced to ensure the viability of cells
being characterized.

In conclusion, the next generation of DEP devices should incorporate additional
analytical capabilities and/or manipulation tasks. For example, comprehensive elec-
trokinetic platforms should trap bio-particles, characterize their DEP spectra, and
finally separate them without affecting their viability. Hence, isoDEP may be the
best candidate for these multipurpose platforms because the isoDEP field can per-
form both separation and characterization simultaneously. IsoDEP theory and oper-
ation has been well-established, emerging microfabrication procedures coupled with
innovative applications of the isoDEP geometry will continue to improve its perfor-
mance thus providing future researchers with a versatile electrokinetic platform for
the dielectric characterization and separation of individual cells.
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APPENDIX

Appendix A.1: Commonly Used Acronyms

COF — Cross-Over Frequency

CM — Clausius-Mossotti Factor

DEP — Dielectrophoresis

DEP-FFF — Dielectrophoretic-Field Flow Fractionation
EP — Electrophoresis

ETH — Electrothermal Hydrodynamics
isoDEP — Isomotive Dielectrophoresis

LOC — Lab-On-a-Chip

uwTAS — Micro-total Analysis System

MW — Maxwell-Wagner Polarization

nDEP — Negative Dielectrophoretic force
pDEP — Positive Dielectrophoretic force
REP — Rapid Electrokinetic Patterning
SWNTs — Single Walled Nanotubes
TW-DEP — Traveling Wave Dielectrophoresis
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Appendix A.2: Nomenclature

Symbol Notes Units
a Particle radius m
E Electric field Vm!
E(r,t) Applied electric field Vm!
f AC frequency s7! (Hz)
fem Clausius-Mossotti factor
F Force N
I Electric current Ampere
€0 Permittivity of free space Fm™!
€r Relative permittivity
P Dipole moment Cm
a Polarizability F m?
ror R Inner or Outer radius m
o Conductivity Sm!
T Relaxation time S
w Angular frequency rad s7!
1§ Rotation speed rpm
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Appendix B: Research Specific Aims

Table B.1. Research specific aims with the respective tasks to realize each aim/goal
as well as the status of each task.

Aims Tasks Status
IsoDEP platform optimization Provide a comprehensive isoDEP review article maintained
Design and fabrication of isoDEP device maintained
Assess the electrohydrodynamics maintained
Scaling law analysis and isoDEP design rules maintained
Custom-built high power amplifier at MHz frequencies maintained
Integration of tight valve and controlled pumping system maintained
Characterization of Phytoplankton cells using isoDEPdevice Demonstrate nDEP & pDEP for phytoplankton cells maintained
Extracting cells” Clausius-Mossotti factor (Le., dielectric properties) changed*
Differentiate between nitrogen abundant and defficient cultured phytoplankton cells changed*™
Compare isoDEP contrast with alternative characterization techniques | Characterize LEA proteins roles in dissication tolerence utilizing 3DEP (DEPtech) platfom | maintined
Characterize Phytoplankton cells utilizing electrochemical impedance spectroscopy maintined
Electrorotation single cell characterization maintined

Where the task labeled with (*) has been changed due to the limitation of isoDEP
device to characterize the phytoplankton cells due to their continuous swimming
nature. Recall that, for isoDEP device to characterize cells, the particle/cell has to
translate across the microchannel under the influence of the DEP force. However,
due to the fact that phytoplankton cells are swimmer cells, it has been difficult to
relate their translation velocity to DEP force only. It is noted that the same issue
has been faced while using the 3SDEP (DEPtech, UK) platform.

On the other hand the task labeled with (**) has changed due to the previously
mentioned issue regarding the swimming nature of phytoplankton cells. Hence, dif-
ferentiation between phytoplankton cells cultured in nitrogen abundant and deficient
environment was nontrivial. The same issue has been faced when characterizing the
phytoplankton cells using EIS-based system. However, differentiation between differ-
ent phytoplankton species has been achieved utilizing the EIS-based system.
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Appendix C: Model Codes
C.1: MATLAB Code for Scaling Law Analysis of IsoDEP Device

1 % This code will produce graphs for electrothermal flow
scaling laws

2% This code is a part of "Scaling law analysis of
electrohydrodynamics and

3% dielectrophoresis for isomotive dielectrophoresis
microfluidic

4% devices ”Mohamed Z. Rashed Nicolas G. Green Stuart J.
Williams”

%Manuscript. Please cite if used.

clear;

%% INPUT wvalues

dia = (le—6); % diameter of the particle

10n = (10); % desired velocity , diameters per second

11

12 % ASSUMED wvalues

13 a = (dia/2); %radius of particle

14cm = 0.1; %real part of CM factor

15 visc = (8.9e—4); %viscosity of fluid

16 ep = 80x8.854e—12; %permittivity of fluid

17cw = 1; %drag factor due to wall

18

19 cond = (10e—3); Z%medium conductivity

20M = 6.6; %maximum ET factor , from literature

21 T = 300; %temperature

22

23 kw = 0.6; %thermal conductivity of water

24 kglass = 1.0; %thermal conductivity of glass

25 ksi = 150; %thermal conductivity of silion

26 kpdms = 1.0; %thermal conductivity of PDMS

27

28 tlid = 500e—6; ZFLECTRODE — thickness of lid/base (assumed
symmetric)

29 twall = 5e—3; ZFLECTRODE — thickness between electrode—

channel wall and outside

© 00 N O Ot

30

31 inslid = 0.21e—3; %BINSUL — thickness of lid
32 klid = kpdms; ZINSUL — properties of lid

33 insbase = le—3; %INSUL — thickness of base
34 kbase = kglass; %INSUL — properties of base
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35

36 % RANGE of wvaried wvalues

37 hmin = 2xdia; %minimum height of channel

38 hmax = 200xdia; %maximum height of channel

39 hstep = 500; %height step

40 hh = logspace(logl0 (hmin) ,logl10 (hmax) ,hstep);

41

42 t60min = 2xdia; %minimum length scale of channel
43 160max = 200xdia; Z%mazimum length scale of channel
44 160step = 500; %length step

45 rr = logspace(logl0(r60min) ,logl0(r60max) ,r60step);
46 [r60 ,h] = meshgrid(rr  hh);

47

48 Dh = 2%(r60.xh)./(1r60+h); Zhydraulic diameter
49

50 %% CALCULATIONS

o1

52 % Finding k"2

53 k2 = (nxdia)*(3xviscxew) /(epxcmxaxa); %k2, from DEP wvelocity

54

55 % Heating

56 eheat = condxk2; % joule heating, [W/m3]

57 eeheat = eheat.x160.xh; % joule heating, [W] per unit depth

58

59

60 % Thermal Resistivity

61 % a—direciton is the same as channel

62 % y—direction 1is same plane as channel

63 % z—direciton is up/down direction through substrate

64

65 %% MICROELECTRODE Calculations

66 Ry = 0.5«xtwall./(ksi.xh); %thermal resisitivty through
electrode wall

67 Rz = 0.5%1./(ksi.*x1.685.%(logl0(1+(tlid./r60))."(—0.59) .%(
tlid./h)."(—=0.078))); %thermal resistivity through
substrate

68 %Rych = 0.5%(r60/2)./(h+kw); %thermal resistivity through the
water channel

69 %Rzch = 0.5%(h/2)./(r60+kw); %thermal resistivity throught
the water channel

70 %Ryeq = Ry+Rych; % eq resistance in y direction

71 %Rzeq = Rz+Rzch; % eq resistance in z direction

72

73 Ryeq = Ry;

74 Rzeq = Rz;
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75

76 ReqM = Ryeq.* Rzeq./(Ryeq+Rzeq); % eq resistance overall

7

78 TwallM = eeheat.*ReqM; Zmazimum center temperature(z) (a—
gradient , *z)

79

80 % loop to determine Tmaz in middle of channel

81 BB = r60./h; %ratio of channel width to height

82 Bstep = 0; %reset wvalue for loop

83 for i = 0:5

84 Beale = ((=1)"1)./(((2%141).%(pi/2)). 3.xcosh((2xi+1).x%(
pi/2).+BB)):

85 Bstep = Bstep + Bcalc; %sum the loop

86 end

87 DTmaxM = (0.5—2%Bstep).*((h/2)."2) .xeheat /kw; %calculates the
temp difference across the channel

88 TmaxM = DTmaxM + TwallM; % Mazimum temperature in channel
center

89

90

91 % TyM = TmazM./(((r60/2)."2)./(2xkw.*h.xr60.%Ry)+1); %
temperature at y—wall(x) (x—gradient, x*x)

92 % TeM = TmazM. /(((h/2).2)./(2+kw.+h.xr60.%Rz)+1); %
temperature at z—wall(z) (z—gradient, *x)

93 %

9 % % calculations at r = r60

95 % TmazM60 = TmazM. * r60 ;

96 % TyM60 = TyM.*r60;

97 % Tz2M60 = TzM. 160 ;

98 % TcM60 = TyM60. x TzM60. / TmazM60; %estimated temperature at
the corner

99 %

100 % TgradM1 ( TmaxM60-TyM60) . /(160 /2) ;

101 % TgradM?2 = (Tz2M60-TcM60)./(r60/2);

102

103 % TgradM = (TgradM1+TgradM2) /2;

104

105 TgradM = ((1/2) *(DTmaxM) ) .xr60 ./ (r60/2);
106

107 DTE2M = TgradM.«k2.x160; % product of temperature gradient
and E°2 at r60

108

109

110 %% INSULATIVE Calculations

111 Rlid = 1./(klid .*1.685.%(logl0(1+(inslid./r60))."(—0.59) .%(
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112

113

114
115

116
117

inslid./h)."(—=0.078))); %thermal resistivity through the
lid

Rbase = 1./(kbase.*1.685.%(logl0(1+(insbase./r60))."(—0.59)
% (insbase./h). " (—0.078)));; %thermal resistivity through
the base

Req = (Rlid.*Rbase)./(Rlid+Rbase); %equivalent thermal

resistance

Twallxins = Req.xeeheat; % z—gradient of temperature along
wall

% loop to determine Tmaz in middle of channel

118 BB = 1r60./h; %ratio of channel width to height

119
120
121

122
123
124

125

126
127

128
129

130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145

Bstep = 0; %reset wvalue for loop

for i = 0:5
Beale = ((=1)71)./(((2%141).%(pi/2)). 3.xcosh((2xi+1).%(

pi/2) . +BB)):

Bstep = Bstep + Bcalc; %sum the loop

end

DTmaxxins = (0.5—2«Bstep).*((h/2)."2) .xeheat /kw; %calculates
the temp difference across the channel

Tmaxxins = DTmaxxins + Twallxins; % Mazimum temperature in
channel center

Tgradl = ((1/3)*(DTmaxxins)+Twallxins) * (2xsin(30xpi/180));
% temperature gradient for insulator calculations

DTE2I = Tgradl.xk2.xr60; % product of temperature gradient
and E°2 at 160

%% MICROELECTRODE — wvelocity

vdepM = (nxdia); % DEP wvelocity

fethM = (—1).x(Msep).xDTE2M. /T; % ET body force
vethM = 10xfethM.x(Dh."2)./(32xvisc); % ET wvelocity

%% INSULATIVE — welocity

vdepl = vdepM; % DEP wvelocity

fethl = (—1).x(Mxep).xDTE2L./T; %ET body force
vethl = fethl.x(Dh."2)./(32%visc); % ET wvelocity

%% RESULTS
vratioM = abs(vethM)./abs(vdepM); %ratio of wvelocities
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146

147

148
149
150

151

152
153
154
155
156
157

158
159
160
161
162
163
164
165
166
167
168
169
170

171
172
173
174
175
176
177
178
179

vratioM (vratioM >1) = 10; % replace all wvalues greater than 1
with 10

vratioM (vratioM <0.001) = 0.0001; %replace all wvalues less
than 0.001 with 0.0001

vratiol = abs(vethl)./abs(vdepl); %ratio of wvelocities

vratiol (vratiol >1) = 10; % replace all values greater than 1
with 10
vratiol (vratiol <0.001) = 0.0001; %replace all wvalues less

than 0.001 with 0.0001

%% PLOTS

figure (1)

contourf ((r60/dia), (h/dia), loglO(vratioM),[—4, -3, -2, —1,
0]);

colormap (hot)

colormap ( flipud (colormap))

set (gca, 'TickDir’, ’out’);

set (gca, "xscale’ ’log’);

set (gca, 'yscale’,’log’);

xlabel ('r60 (# particle diameters)’);

ylabel(’'h (# particle diameters)’);

title (’Microelectrode isoDEP device’ )

saveas (gef,’(a—12) MicroElectrode isoDEP device.png’)

I I 6 60 e 606006 060606

figure (2)

contourf ((r60/dia), (h/dia), loglO(vratiol),[—4, =3, =2, —1,
0]);

colormap (hot)

colormap (flipud (colormap) )

set (gca, 'TickDir’, ’out’);

set (gca, "xscale’ ’log’);

set (gca, "yscale’  ’log’);

xlabel ('r60 (# particle diameters)’);

ylabel(’h (# particle diameters)’);

title (’Insulative isoDEP device 7)

saveas (gecf,’(b—12) Insulative isoDEP device.png’)
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C.2: MATLAB Code for Extracting Phytoplankton Cell Properties from Cells in
Suspension

1 %% Electrical characterization of phytoplankton suspensions
using impedance spectroscopy %%

2% Margaret R. Jettl*, Mohamed Z. Rashedlx*, Susan P.
Hendricks2, and Stuart J. Willtamsl

3

4 %% This code was made based on the previous studies:

5 %Sun T, Morgan H (2010) Single—cell microfluidic impedance
cytometry: a review Microfluid Nanofluid 8:423—443

6 %Morgan H, Sun T, Holmes D, Gawad S, Green NG (2006) Single
cell dielectric spectroscopy Journal of Physics D: Applied
Physics 40:61

7

8 %% Entering corresponding pre—experimental cell values %%

9 M=readmatrix ( ’YourData . TXT"); % Name your Impedance Analyzer
Output file

10 Sigma_m=xx*10"—3; % Enter your Medium Conudctivty (S/m)

11 R=xx%10"—6; % Enter your Cell Radius (m)

12 d=xx*10"—=9; % Enter your Cell Membrane’s Thickness (from 4—7
nm)

13 Frequency=transpose (M(1:201,1)); % Reading the frequency
range from the Impedance File

14 %Note: Change the 201 wvalue based on the range of frequency
values you have

15 w=2xpixFrequency; % Angular Frequency

16

17 Volume_Fraction=xxe6 ;% Enter your Cell volume fraction

18 phi=(Volume_Fraction*(4/3)*pixR"3) /(10" —6); %Cell Density

19 Geometric_constant=xx/(yy); %Calculate the Geomtric constant
(Electrode Area/Gap)

20

21 Zmag=M(1:201,2); % FExtracting the Impedance Magnitude (Change
72017 based on your data)

22 Zphase=M(205:405,2); % Eztracting the Impedance phase (Change
72017 based on your data)

23

24 %% Solving for single cell parameters %%

25 Zmix=transpose (Zmag.* (cos(Zphasexpi/180)+j*sin (Zphasexpi/180)
));%convert to rectangular form

26 emix=1./(j*w.xZmix*2+x Geometric_constant); %Calculating
permitivity of the cell mizture (Eq. 2)

27 em=(80%8.854187817x10" —12)—j *(Sigma_m./w); %Permitivity of
the aqueous medium
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28

29 eterm=((1—phi)./((em./emix)."(1/3))); %

30 ep=(emix—eterm.xem)./(1—eterm); % Calculating single cell
permitivity

31

32 gamma=(R+d ) /R;

33 k=real(ep)./imag(ep);

31 a—((gamma 3)+2) / ((gamma”3) —1);

35 b=(2x(gamma"3)+1) /((gamma”3) —1);

36

37 eq=[transpose(a./w) transpose(—k.x(2—a.xb)) transpose(2xb.xw)

I

38

39 %% Calculating the roots of the single cell permitivity
equation

40 for n=1:201

41 er=eq(n,1:3);

42 1(1:2 )n)=roots(er);

43 end

44

45 %% Calculating Single Cell Dielectric Parameters %%

46 for n=1:2 % % Calculating the roots of the single cell
permitivity equation

47 %You can select one root by changing this wvalue (for example
n=1)

48 e(n,:)=((b"2+(l(n,:)./w)."2)./((1(n,:)./w).x(2—axb))).ximag(
ep); % Single cell frequency dependent relative
permittivity (?)

49

50 Sigma_i(n,:)=l(n,:).*x e(n,:); % Frequency dependent
cytosplasm Conductivity (?i) (S/m)

51 Cmem(n,:)=e(n,:)./(d); % Specific Membrane Capacitance (F/m
"2)

52 Mem Cap(n,:) =(9*phi*R.xe(n,:)*Geometric_constant)./(4xd); %
Membrane Capacitance (F)

53 Ri(n,:) =4*((1/(2«Sigma_-m) )+ (1./Sigma_i(n,:)))/(9+«phixG); %
Frequency dependent Cytoplasm Resistance (Ohm/

54

55 %% Plotting extracted parameters Vs frequency%%

56

57 semilogx (Frequency , Mem Cap(n,:) , k.’ );

58 xlabel ( ’Frequency )

59 ylabel ( ’"Membrane Capacitance (Mem Cap) F’)

60 figure ()

61 semilogx (Frequency, Cmem(n,:),’'k.");

141



62
63
64
65
66
67
68
69
70
71
72
73
74
75

76
77

78
79

80
81

82
83

xlabel ( 'Frequency ")

ylabel(’Specific Membrane Capacitance (Cmem) F/m"27)
figure

semilogx (Frequency , Sigma_i(n,:),’k.’);

xlabel ('Frequency )

ylabel (’Cytoplasm conductivity (Sigma-i) S/m’)
figure

semilogx (Frequency, Ri(n,:),’k.");

xlabel ('Frequency )

ylabel (’Cytolasm Resistance (Ri) Ohms’)

end

%% Printing the average values of cell parameters

Rl=mean(Ri(1,70:201)); % Average Cytoplasm Resistance (Change
the starting & Ending frequency)

% R2=mean(Ri(2,190:201));

C1_F_m2=mean(Cmem(1,70:201));% Average Specific Membrane
Capacitance (Change the starting € Ending frequency)

% C2_-F-m2=mean(Cmem(2,70:201));

Sigma_il=mean(Sigma_i(1,70:201)); % Average Cytoplasm
Conductivity (Change the starting & Ending frequency)

%Sigma_i2=mean(Sigma_i (2,70:201) );

C1_Farad=mean(Mem Cap(1,70:201)); % Average Membrane
Capacitance (Change the starting € Ending frequency)

% C2_Farad=mean(Mem_Cap (2,70:201));

84 T=table( R1, C1.F.m2,Cl_Farad, Sigma_il) % Printing data

85
86
87
88
89
90
91

92
93
94
95
96

values

%% saving the extracted data for further analysis %%
Cytoplasm_Conductivity=Sigma_i(n,:) ’;
Membrane_Capacitance=Mem_Cap(n,:) ’;
Membrane_SpecificCapacitance=Cmem(n,:) ’;
Relative _Permitivity=e(n,:) ’;

Data=table (Cytoplasm_Conductivity , Membrane_Capacitance

Membrane_SpecificCapacitance. Relative_Permitivity);

filename = ’CellDataParameter.xlsx ’;
writetable (Data, filename , ’Sheet ’ ,1, "Range’, "Al")

%% Please Cite this manuscript if this code was helpful %%
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