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Abstract

Recently, electromanipulation technologies for handling and characterizing individual
cells or particles have been applied to lab-on-chip devices. These devices play a role
in pharmacological and clinical applications as well as environmental and
nanotechnologies. Electromanipulation of ellipsoidal cells in fluidic micro-electrode
systems has been studied by numerical simulations, theoretical analysis and
experiment. The field distributions in electrorotation chip chambers were analyzed
using numerical field simulations in combination with analytical post-processing. The
optimal design for two-dimensional electrorotation chips features electrodes with
pyramidal rounded tips. Moreover, the three-dimensional electric field distributions in
the electroporation and electrorotation chambers were analyzed. The advantage of
electroporation chip chambers is to avoid strongly increasing temperatures after pulse
application. New chips may be developed for nanoscale applications in the future.
New simplified analytical equations have been developed for the
transmembrane potential (A¢ ) induced in cells resembling ellipsoids of rotation, i.e.
spheroids, by homogeneous DC or AC fields. The new equations avoid the
complicated description by the depolarizing factors. Also the dielectrophoretic force
expression for spheroidal objects has been simplified. Furthermore, the effects of cell
orientation and electric field frequency on the A¢ induced in ellipsoidal cells were
studied. Simplified equations were derived. They show that the membrane surface
points for the maximum of A¢ depend on cell shape, cell orientation, electric cell
parameters and field frequency. The theoretical results were compared to
electropermeabilization experiments with chicken red blood cells. Experiments
confirmed that equations for the transmembrane potential were advantageous for
describing the transmembrane potential induced in arbitrarily oriented ellipsoidal

cells.
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Zusammenfassung

In letzter Zeit sind Elektromanipulations-Technologien fiir die Manipulation und die
Charakterisierung von einzelnen Zellen oder Partikeln in Lab-on-Chip Systeme
integriert worden. Die neuen Systeme spielen eine Rolle in pharmakologischen und
klinischen Anwendungen sowie in Umwelt- und Nanotechnologien. Die
Elektromanipulation von ellipsoiden Zellen in fluidischen Mikro-Elektrodensystemen
wurde mit Hilfe numerischer Simulation, theoretischer Analyse sowie Experimenten
beschrieben. Die Feldverteilung in Elektrorotationskammern wurde mit numerischen
Simulationen analysiert und optimert. Als geeignetes Elektrodendesign in zwei-
dimensionalen Elektrorotationskammern erwiesen sich pyramidale, abgerundete
Elektrodenspitzen. Zusdtzlich wurden die drei-dimensionalen Feldverteilungen in den
Elektroporations- und  Elektrorotationskammern  analysiert, um  starke
Temperaturerhohungen durch den elektrischen Puls zu vermeiden. Mit diesen
Ergebnissen konnten neue Chips fiir Anwendungen im Nanometerbereich entwickelt
werden.

Neue und  vereinfachte analytische Gleichungen fur das
Transmembranpotential (A¢@), welches in einem homogenen Gleich- oder Wechselfeld
in Zellen dhnlich Rotationsellipsoiden, d.h. Spheroide, induziert wird, wurden unter
Vermeidung der Depolarisierungsfaktoren hergeleitet. Ebenso wurde die Gleichung
fur die dielektrophoretische Kraft auf spheroide Objekte vereinfacht, sowie die
Effekte von Zellorientierung und Frequenz des Wechselfeldes auf das A¢ von
ellipsoiden Zellen untersucht und vereinfachte Gleichungen abgeleitet. Sie zeigen,
dass die Membranpunkte mit maximalem A¢ abhdngig sind von der Zellform, der
Zellorientierung, den elektrischen Eigenschaften der Zelle und der Frequenz des
Wechselfeldes. Die theoretischen Ergebnisse wurden mit Experimenten zur
Elektropermeabilitit von Hiithnererythrozyten verglichen, die bestétigten, dass die
vereinfachten Gleichungen das in beliebig orientierten elliptischen Zellen induzierte

Transmembranpotential richtig beschreiben.



viil

Content

List of Abbreviations......cccvvveiiieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiietciirciestoenecenssne Xi
1 INtroduction...c.ccoieiieiiiiiieiiniiiiiiiiiiiiiiiiiiiiiiiiiiiieiiiiietietiateectatenecnssens 1
1.1 Electromanipulation 0f CEIIS ..........cciiriieriiiiiiiieeie e 1
1.1.1 Overview of electromanipulation..................coooeiiiiiiiiiiiii e, 1

1.1.2 Microfluidic deVICes .......ooueinii i 2

1.1.3 Electropermeabilization. .............c.ooiiiiiiiii i 3

L.1.4 EleCtrofUsion. ... o.uue e 6

1.1.5 Cell movement in AC-fields...........coooiuiiiiiiiii e 7

L2 IS e 9

2 Numerical electric field simulations in microfluidic systems...............cceeuueee. 11
2.1 Optimizing the electrode shape for four-electrode electrorotation chips......... 11

2.2 Electric field distribution in three-dimensional electroporation and

electrorotation chambers.............ooiiiiiii 15

3 Materials and MethodsS........ccceiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiiienriciistccsnnsccnn 17
3.1 Microfluidic chips deSign.........c.oouiiniiiiii e 17
3.1.1 Electroporation Chip...........ooiuiiiiiiiii e, 17
3.1.2 Electrorotation Chip..........o.viiiiiiiiii i e 19

3.1.3 Traveling-wave chip.........ccoooviiiiiiiiiiiiiiiii e 20

R B O 11 o714 4 (S 1 S PP 21
3.2 Electropermeabilization inStrumentation..............ccooviiiiiiiiieenieenniiinenn, 23
3.3 Temperature sensor calibration...............coeviiiiiiiiiiiiiiii e, 25
3.4 Cells and SOIULIONS. .....ouiii e e e, 25

3.4.1 AISEVer’s SOIULION. ... .eutint it 26
3.4.2 Phosphate buffer solution..............cooiiiiiiiiiiiiii e, 26

3.4.3 Measuring SOIUtION. .....uuitet ettt et e e 27



iX

Content

4 Transmembrane potential induced in ellipsoidal cells..........ccceievieiininen. 28

4.1 Simplified equations for the transmembrane potential induced in ellipsoidal

cells of rotational SymMmetry...........oooiiiiiii i 28
411 INtrodUCTION. ...t 28
4.1.2 Simplification of A¢ for spheroids at high frequencies....................... 29
4.2 Effects of cell orientation and electric field frequency on the transmembrane
potential induced in ellipsoidal cells................ooiiiiiiiiiiii i, 32
4.3 Electropermeabilization €Xperiments. ..........ovueereieenieeineenieeieenneeennenn 32
4.3.1 On-chip temperature sensor calibration..............c...oooveiiiiiiinin... 32
4.3.2 Temperature changes in the chambers by pulse application................. 34
4.3.3 Shape of chicken red blood cells................oooiiiiiiiiiiiiii i, 36
4.3.4 Conductivity of cell SuSpensions............covevviriiiiieiiiiiiieiineanennn. 39

4.3.5 Electropermaecabilization of oriented chicken red blood cells in linear
square-wave AC-fields...........cooviiiiiiiiieeeeee e 40
4.3.6 Electropermeabilization of chicken red blood cells in square-wave

rotating electric fields.............coooiiiiiiieeeee e AT

5 Simplifications of dielectrophroretic force........ccccovivviiiiiiiniiiniiiinieinnennns 52
5.1 INEOAUCHION. ...ttt st et 52
5.2 Simplifications of dielectrophoretic force for spheroidal cells..................... 53
5.3 Simplifications for zero membrane conductance..................coeviviiiniennn... 58

5.4 Simplifications for the cytoplasmic conductivity infinitely higher than the

external CONAUCTIVITY . .....o.iiii e 59

0 CONCIUSIONS .t e vuruiiieeereeennieeeeeeeeensessseesesssssssseesssssssssssosssssssssssosssanssnne 60



Content

APPENAIX.aeiiiiiiiiiiiiiiiiniiieiiimmiimiiimiiomiiosiiosiiosssssssssssssssssssssssssssssssssssssscss 03

Apeendix A Paper 1: Maswiwat K, Holtappels M and Gimsa J 2006

On the field distribution in electrorotation chambers-influence of

electrode shape. Electrochimica Acta 51 5215-20........................ 63
Appendix B Paper 2: Maswiwat K, Holtappels M and Gimsa J 2007a

Optimizing the electrode shape for four-electrode electrorotation

chips. ScienceAsia 33 61-T......ccooiiiiiiiiiiiiiii i, 70
Appendix C Paper 3: Maswiwat K, Wachner D, Warnke R and Gimsa J 2007b

Simplified equations for the transmembrane potential induced

in ellipsoidal cells of rotational symmetry. J. Phys. D: Appl. Phys.

0 OT4-23 ottt 78
Appendix D Submitted manuscript: Maswiwat K, Wachner D and Gimsa J

2007 Eftects of cell orientation and electric field frequency on the

transmembrane potential induced in ellipsoidal cells.....................89
Bibliography...cccceiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiiiietiiiintiiittnticitnstcsennces 131
g2 T 149
Curriculum VItae....ccoieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieitraeiaeaes 150

List of Publications and PresentationsS......eeeeeeiiieeereeeneenreeenssseeccreeeessesssssssesesl 32



List of Abbreviations

AC

CMF

CRBCs

DC

DP

ECC

ED

EO

EP

ER

LBM

PB

PI

SEM

SMB

SMD

TWD

Alternating current

Clausius Mossotti factor
Chicken red blood cells

Direct current
Dielectrophoresis
Electroconformational coupling
Electrodeformation
Electroorientation
Electroporation
Electrorotation

Lipid bilayer membrane
Phosphate buffer

Propidium iodide
Radio-frequency

Scanning Electron Microscopy
Subminiature B

Surface mount device

Traveling-wave dielectrophoresis

xi



Chapter 1 Introduction 1

Chapter 1 Introduction

1.1 Electromanipulation of cells

1.1.1 Overview of electromanipulation

Electromanipulation of cells is applied in many areas of biotechnology and biomedicine.
Electroinjection, electrorotation (ER), dielectrophoresis (DP), electroorientation (EO),
electrodeformation (ED) and electrofusion are standard electromanipulation techniques.
Electroinjection (also called electroporation (EP) or electrotransfection in the case of
plasmid injection) as well as electrofusion following the dielectrophoretic alignment of
cells may be the most important electromanipulation techniques (Chang et al. 1992,
Glaser 2001, Neumann et al. 1989 and Zimmermann and Neil 1996). Both methods are
based on the induction of a potential difference across the membrane by an external
electric field. Besides these applications, the induced transmembrane potential (Ag)
became also important for new medical therapies.

Although phenomena like the electric alignment of freely suspended cells (DP)
and the electric disruption of the cell membrane were already described in the mid 20™
century, the fundamentals of the more sophisticated cellular electromanipulation
techniques in fluidic microstructures are based on very recent developments. Meanwhile,
the power of these technologies in handling and characterizing individual cells or
particles has been recognized. Despite the increasing number of groups working in this
field most probably not all possible principles that can be applied in so called lab-on-chip
devices have been elaborated, yet. In future, microscopic systems combining electronic,
optic and microfluidic parts will provide the means for investigating and handling
individual particles from cellular down to molecular dimensions. These devices will
allow for following changes in the physiological status of individual cells, for the

characterization of viruses or DNA molecules, etc.
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1.1.2 Microfluidic devices

Andersson and Berg (2003) have summarized several reasons making microfluidic
devices and systems interesting for cellomics (see also Fuhr ez al. 1997):
* Increased interest in biochemical experimentation/analysis of living single cells
* Possibility of uncomplicated integration of all kinds of analytical standard operations
into microfluidic systems
* Several methods for manipulating large numbers of cells simultaneously can be used.
» The size of cells fits very well with that of commonly used fluidic devices (10-
100 pm).
* Micromechanical devices are very well capable of manipulating single objects with
cellular dimensions.
* Using geometries with small dimensions large electrical field strengths can be
obtained with small voltage.
* Heat and mass transfer are very fast in microfluidic systems.
Microfluidic devices and systems have been developed for analysis of living cells, e.g.
cell sampling, cell trapping and sorting, cell treatment and cell analysis (Andersson and
Berg 2003). In recent years, several publications have focused on the process of EP in
microfluidic devices produced by microfabrication techniques. BTX (BTX Instrument
Division Harvard Apparatus, Inc., Massachusetts, US), the leader in EP products and
specialty electrodes, has developed a new and innovative product line for experiment
optimization and large volume EP. However, compared to commercial equipment, a
flow-type EP microchip overcomes the limit in the amount of target cells and the
potential risk of using high voltage, which are the two drawbacks in current EP
technology (Andersson and Berg 2003). A review on single-cell EP has been presented
for the investigation of cell-to-cell variations in a population and to manipulate as well as
investigate the intracellular chemistry of a cell (Olofsson et al. 2003 and Fox et al. 2006).
Huang and Rubinsky (1999, 2001 and 2003) have presented the first microfabricated

devices, developed to control EP process at the single cell level. In a typical process,
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individual cells flow through the inlet tube to the top chamber between the top and the
middle layers. Individual cells can be captured in the hole and thus oriented in the
electrical circuit between two electrodes of the chip. Experiments showed the capability
of introducing desirable macromolecules into specific individual cells with micro-
electroporation chips. In addition, Khine et al. (2005) developed a polymeric chip that
can selectively immobilize and locally electroporate single cells.

One aim was to handle cells in EP microchip channels precisely to achieve high
effectiveness in the genetic manipulation of cells (Lin and Huang 2001, Lin ef al. 2003
and 2004). Furthermore, Kim et al. (2007) has developed a multi-channel EP microchip
made of polydimethylsiloxane and glass for gene transfection in mammalian cells. Micro-
electroporation devices were also employed for cell lysis prior to subcellular analysis (Lu

et al. 2005).

1.1.3 Electropermeabilization

Electropermeabilization in lipid bilayer membranes

The lipid bilayer membrane (LBM) of cells is composed of lipid molecules, mainly
phospholipids. The phosphate group is usually esterified with a nitrogen-containing
alcohol. Two long hydrophobic fatty acid chains and a single phosphate group esterified
with an ethanolamine residue are linked to a central glycerol molecule. The phosphate
and amino-group of the ethanolamine residue represent the hydrophilic parts of the
molecule. Normally, the hydrophilic polar heads are oriented toward water, whereas the
hydrophobic groups (non-polar) toward oil (Glaser 2001). Many researchers have
investigated the electropermeabilization in LBM. The similarity of the phenomenological
cell and lipid bilayer membrane breakdown indicated that pores, developed during the
electrical breakdown of biological membranes, arise in their lipid matrices
(Chernomordik e al. 1987). Membrane proteins affect the EP of the LBM by changing
its mechanical properties. Glaser ef al. (1988) have studied the mechanism of reversible

electric breakdown of lipid membranes. They showed that the conductivity of the pores
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depends on membrane voltage and the type of this dependence changed with the radius of
the pore. Weaver and Chizmadzhev (1996) showed that their transient aqueous pore
models could account for: (1) key features of mechanical instability (irreversible
consequence of EP) of planar lipid bilayers at elevated voltages, (2) dramatic reversible
electrical behavior of certain planar membranes and of cell membranes and (3) some
features of molecular transport. However, at subcritical electric fields the average pore
size was stationary and very small. At supercritical field strengths, the pore radius
increased and the membrane ruptured after reaching a critical pore size (Sugar and
Neumann 1984).

Tien and Ottova (2003) have reviewed that a transmembrane potential of the order
of 0.5 to 1 V, promoted pore formation in both experimental LBM (planar LBM and
liposomes) and natural membranes (see also Weaver 2000). The breakdown voltage of
the artificial LBM also depends on the constituent of membranes, temperature and
electric pulse (Benz ef al. 1979, Freemann et al. 1994, Needham and Hochmuth 1989,
Tsong 1992 and Winterhalter ef al. 1996). Moreover, the breakdown voltage increased

with increasing slope of the linear rising signal of voltage pulse (Kramar ez al. 2007).
Electropermeabilization of cells and tissues

Cells suspended in a liquid can be modeled as a structure consisting of a non-conducting
membrane with aqueous solutions on both sides. Exposure to an electric field leads to
charge separation in the membrane similar to the charge separation in the dielectric layers
of an electrical capacitor. This results in a transmembrane potential difference (Hofmann
1989). High intensity and short duration electric fields can result in membrane
breakdown. This effect can be associated with electropermeabilization of the membrane
(Zimmermann 1996). Electropermeabilization (also referred to EP or dielectric
breakdown and sometimes “reversible electrical breakdown”) is important for the
introduction of extracellular molecules that do not penetrate cell membranes under
normal conditions. Membrane pore formation was previously discussed since the late

1970s (Kinosita and Tsong 1977). Later, many publications showed that small molecules,
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such as dyes, ions or drugs can pass the electric field-induced membrane pores (Chang et
al. 1992, Neumann et al. 1989 and Zimmermann and Neil 1996).

Electropermeabilization can be visualized by staining the cell membrane with a
voltage-sensitive fluorescence dye (Gabriel and Teissi€¢ 1999, Hibino et al. 1991 and
1993 and Marszalek et al. 1990). The membrane structure of electropermeabilized red
blood cells revealed by rapid freezing electron microscopy was related to the creation of
volcano-shaped membrane pores (Chang et al. 1992). Electropermeabilization of cells
depends on several electric parameters, e.g. field strength, pulse duration, number of
pulses (Benz and Zimmermann 1981, Lebar and Miklavcic 2001, Miiller et al. 2001, Puc
et al. 2003, Rols and Teissié 1990, 1998, Teissié and Ramos 1998, Wolf ef al. 1994 and
Zimmermann and Benz 1980), pulse shape (Fologea ef al. 1998, Konik et al. 2001 and
2003) and field properties such as a linear or rotating orientations (Gimsa ef al. 1988a).
Additionally, cell size, shape and orientation, medium conductivity and temperature are
of great importance (Coster and Zimmermann 1975, Marszalek et al. 1990, Valic ef al.
2003 and Zimmermann and Benz 1980). However, increasing electric field strength may
cause conformational changes in the membrane structure, resulting in lysis and cell death
(Sale and Hamilton 1967 and 1968).

Furthermore, at low intensity of AC-fields, the electroconformational coupling
(ECC) model was used to interpret the result of DNA transfection (Tsong 1990 and Xie
and Tsong 1990). The ECC model is a viable concept for understanding the electric
activation of membranous ATPases, e.g. Na'-K'-ATPase (Chen et al. 1998, Markin and
Tsong 1991, Xie et al. 1994 and 1997). Nevertheless, also other effects of pulsed electric
fields on the permeability of a cell membrane can occur. The examples for these effects,
e.g. colloid osmotic lysis of cells (Kinosita and Tsong 1977 and Sale and Hamilton
1968), electrotransfection of DNA (Xie ef al. 1990, Xie and Tsong, 1990 and 1992) have
been studied.

The effect of membrane breakdown can be applied for cell hybridization,
production of monoclonal antibodies, cell transfection and other cell technology

applications. More recent developments apply electric membrane poration of tissues for
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electrochemotherapy (cancer treatment), gene therapy and transdermal drug delivery
(Canatella et al. 2004, Cukjati et al. 2007, Davalos et al. 2005, Gothelf et al. 2003,
Hofmann et al. 1999, Miklavcic et al. 2006, Mir and Orlowski 1999, Neumann et al.
1998, Pliquett 2003, Rubinsky 2007, Schoenbach et al. 2002, Smith et al. 2004 and
Weaver 2000).

1.1.4 Electrofusion

The experimental procedures of electrofusion are very similar to EP, except that the cells
to be fused must be brought into contact first. This cell contact can be accomplished by
(Chang et al. 1992, Neumann ef al. 1989 and Zimmermann and Neil 1996):
(1) Natural membrane contact, e.g. the use of cells grown to confluence in
monolayer cultures, on microcarriers, or on porous membranes
(2) Cell pellets or chemical treatment, e.g. cells kept at high density or cells
pelleted by sedimentation or centrifugation and chemical additives such as
polyethylene glycol (PEG) and dextran, etc.
(3) Physical force such as:
e Mechanically induced contact
e Ultrasonically and magnetically mediated cell alignment
e Electrically induced cell-cell contact, e.g. dielectrophoresis (in which cells
lined up in chains by applying a low-intensity, high frequency, non-uniform
and AC-fields).
When two cells contact each other during electric pulse application or during a short time
after the pulse, the points of induced membrane instability may interact, leading to a
fusion of the lipid phases of both cells. Subsequently, osmotically governed process of
fusion of the cytoplasm may follow. This process is called “electrofusion” (Glaser 2001).
Electrofusion can be applied for biotechnology, plant breeding, cloning of embryos,
hybridoma technology, etc. In recent years, electrofusion has been applied for
immunotherapy (Katrina et al. 2004, Kjaergaard et al. 2003, Trefzer and Walden 2003
and Weise ef al. 2004).
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1.1.5 Cell movement in AC-fields

Cell movements in AC-fields or AC-electrokinetics of cells are also techniques for cell
manipulations. AC-electrokinetics effects for dielectric characterization and manipulation
have been studied for many years. Different AC-electrokinetics effects occur due to the
interaction of induced dipoles with electric fields. Examples for cell movements in AC-
fields are (Gimsa 2002, Glaser 2001, Hughes 2000, Jones 1995, Pohl 1978 and
Zimmermann and Neil 1996):

e Dielectrophoresis (DP)

e [evitation and trapping

e Attraction

e Electrodeformation (ED)

e Electrorotation (ER)

e Electroorientation (EO)

e Traveling-wave dielectrophoresis (TWD)

The DP method is based on the ability of an inhomogeneous electric field to induce a
dipole moment on polarizable objects, which leads to a net force on the object vice versa.
Positive values of DP indicate that cells or particles can be attracted to high field area.
The latter effect caused pearl chain formation along the field lines. The negative values
correspond to compression or repulsion from high field areas in ED and DP. Negative DP
can also be used to levitate cells or particles as well as for trapping of cells (Fuhr et al.
1992, Gimsa 2002, Jones 1995, Pohl 1978 and Zimmermann and Neil 1996).

ER is a common approach to characterize the dielectric properties of individual
biological cells and particles by microscopic observation of their frequency dependent
rotation speed (Gimsa 2002, Gimsa ef al. 1996, Gimsa et al. 1991b and Jones 1995).
Rotating fields of frequencies ranging from Hz to GHz are commonly generated by four
microelectrodes energized by four potentials that are progressively phase shifted by 90°.
The frequency spectrum of rotation at constant field strength can be analyzed to obtain

the dielectric properties of the objects, e.g. cells, cell organelles or viruses. The direction
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of cell rotation in a rotating field depends on field frequency. At low frequency, the
impedance of the membrane is significantly higher than the resistance of the external and
internal media. The interaction of the induced dipole moment and the external field
produces the torque acting on the cell. This torque pushes the cell in a direction opposite
to the external field rotation. Cells show anti-field rotation. For high frequency, the
membrane is short-circuited. Because of its capacity, the current flows preferentially
through the cell. The resistance of the membrane becomes negligible and the conductivity
of the cell becomes essentially equal to the cytoplasmic conductivity. Thus, co-field
rotation will occur. Co-field and anti-field phenomena are also dependent on the
conductivity of the suspending solution (Gimsa ef al. 1991b and Zimmermann and Neil
1996).

When a non-spherical particle is suspended in an electric field, orientation of
particles can be observed. The particle orientation will vary according to the field
frequency since each axis has a different dispersion frequency. However, the orientation
torque does not depend on either dielectric or ohmic loss, while rotational torque requires
it (Jones 1995).

The TWD is another method for cell manipulation in electric field. TWD is a
linear motion analogue to ER using electrode tracks with a phase difference of 90°
between consecutive electrodes (Fuhr ez al. 1991). The velocity of translational motion is
proportional to the imaginary part of the induced dipole moment and therefore related to
the ER effect. The TWD method is advantageous for motion control and separation of
particles or cells in microfluidic systems combined with fluidic pumps (Cui and Morgan
2000, Fuhr ef al. 1994, Huang et al. 1993 and Morgan et al. 1997). The DP levitation
force (negative DP) is proportional to the real component (Fuhr ef al. 1991, Huang ef al.
1993 and Morgan et al. 1997, 2001 and Pethig et al. 2003).

Recent advances in AC-electrokinetic techniques for cell manipulations such as
DP and ER methods have been applied for nanotechnology (Dimaki and Boggild 2004,
Hughes 2000 and Tuukkanen et al. 2005).
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1.2 Aims

The aim of this work is to consider the characterization and manipulation of ellipsoidal
cells in fluidic micro-electrode systems. Numerical simulation, theoretical analysis and
experiment are considered. The electric field distributions in planar electrode chips were
analyzed using finite element programs. Simplified equations for the transmembrane
potential induced in ellipsoidal cells of rotational symmetry and dielectrophoretic force
were analyzed. Furthermore, the effects of cell orientation and electric field frequency on
the transmembrane potential induced in cells of an arbitrarily ellipsoidal shape have been
a main focus of this work. The thesis is organized in the following chapters:

e Chapter 1 gives the introduction.

e Chapter 2 shows numerical simulations of electric field distributions in planar
electrode chip chambers using finite element programs. The distribution of a sinusoidally
rotating electric field was calculated for a two-dimensional model. Based on these
calculations, torques have been compared acting on a spherical object at the center of
chambers of different electrode designs. Furthermore, the electric field distribution in EP
chip chambers for the three-dimensional model was analyzed. Since this work has
already been published, please see appendices A and B for more details.

e Chapter 3 presents the materials and methods of the experimental part. The
electrode chips for EP experiments were designed. Cells and solutions have been
prepared.

e Chapter 4 presents the simplified equations for the transmembrane potential
induced in ellipsoidal cells of rotational symmetry. However, the details of these
simplifications have been shown in appendix C. The effects of electric field and cell
orientation on the A¢ginduced in the arbitrarily ellipsoidal cells were also analyzed.
Details are given in a full manuscript (appendix D). The theoretical results were
compared to electropermeabilization experiments with chicken red blood cells (CRBCs).
Electropermeabilization and cell lysis of CRBCs in linear AC-fields and rotating fields

were also compared. Some experimental results have been presented in appendix D.
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e Chapter 5 shows the simplified equations for dielectrophoretic force of
spheroidal cells.

e Chapter 6 gives the conclusions of this work.

However, all papers were published with the help from my co-authors. They taught me
how to use the finite element programs, some graphics software and Maple program.

Moreover, we had very fruitful discussions and finally they help me with the language.
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Chapter 2

Numerical electric field simulations in

microfluidic systems

2.1 Optimizing the electrode shape for four-electrode

electrorotation chips

In this study, the sinusoidally rotating electric fields in a two-dimensional chip-model for
various electrode shapes have been compared using the finite element program
QuickField (Tera Analysis Ltd., Denmark, http://www.quickfield.com/free.htm) and
FEMLAB 3.1 (COMSOL AB, Stockholm, Sweden). Correction factors were calculated
for the electric field strength and the object-torque. Based on these calculations, torques
acting on a spherical object at the center and at distant sites within the electrode chamber
have been analyzed. The site dependent deviation of the torque from the torque in the
center of the chip has been compared for various electrode designs in order to find an
optimal chip design. Please see appendices A and B for more details.

Starting from the QuickField finite element program, the limitation of this
program was found. This program could not simulate the complex shape of electrodes.
Moreover, the analytical data were not fine enough (Maswiwat et al. 2007a; appendix B),
whereas theirs smooth curves analyzed using FEMLAB 3.1 finite element program were
found (Maswiwat et al. 2006; appendix A). Accordingly, the results analyzed by the
FEMLAB 3.1 program were selected for optimizing the electrode shape for four-
electrode rotation chambers. However, the results from both programs show that the field
properties depend very much on the location within the chamber and electrode design.
The field vectors in the central regions are generally homogeneous. In the vicinity of the

electrodes the field is highly inhomogeneous (figure 2.1). Figure 2.1 shows the electric
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field strength distribution in the x-y plane of the electrode chambers at 0°- and 45°-phase
(see appendix A for details). The torque deviation inside the measuring volume of the
chamber is the most important characteristics for the usability of a rotation chamber. In a
plane chip this volume is confined to an area with comparable torques. The circular areas
were defined from a torque deviation up to 10% with respect to the torque in the center,
resulting in the specific radius distance (Sjov). The radius of the experimentally usable
area was calculated from the minimum of the S,g-distances (table 2.1). Amongst all
electrodes a maximum area of constant torque is found for the design P2. In this design

the percentage of usable area is at least 40.11% (table 2.1 and compare to appendix B).
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Figure 2.1 Electric field strength distribution in the x-y plane of the electrode chambers at 0°- and
45°-phase, respectively using the FEMLAB 3.1 finite element program. (4) squared electrodes
S1, S3, S5. (B) rounded-tip electrode R1, R3, R5. (C) pointed pyramidal, rounded tip pyramidal
and parabolic electrodes P1, P2, P3, respectively. The arrows are electric field strength vectors.

For a chip chamber the area with comparable torques limits the useable area or the size of larger

cells. In all cases S;qo, was at least 75 um (table 2.1).
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Table 2.1 Torque correction factor 7* and distance from the center for a torque deviation of 10%
(S1o%) for different electrode designs. The last column presents the relative area with respect to
the inner electrode circle with a radius of 150 pum inside which the torque deviation is below
10%. The circle areas were determined from the minima of S;¢v-values along the connecting lines

and the diagonals marked by an asterisk (see figure 2.1).

Si0% in pm

Designs P Width  Radius

D (um) R (um) Connecting  Diagonals % of

lines
usable area

S1 0.44 10 - 95 84* 31.36
S2 0.60 75 - 104 88* 34.42
S3 0.68 150 - 79% 114 27.73
S4 0.70 240 - 75% 171 25

S5 0.70 300 - 75% 167 25

R1 0.59 150 75 103 93%* 38.44
R2 0.62 240 120 91%* 100 36.80
R3 0.63 300 150 88* 104 34.42
R4 0.65 300 240 83* 114 30.62
R5 0.66 300 300 82* 119 29.88
P1 0.50 - - 147 93%* 38.44
P2 0.59 - - 103 95* 40.11

P3 0.64 - - 86* 110 32.87
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Please note that the percentage of usable area at S, is calculated by:

Circle area of the minimum of S,,, <100

Circle area of the inner electrode circle with a radius of 150 um

2.2 Electric field distribution in three-dimensional

electroporation and electrorotation chambers

To address the EP experiments, the three-dimensional electric field distributions in the
experimental chambers were studied. The COMSOL 3.3A Multiphysics finite element
program (COMSOL AB, Stockholm, Sweden) was used assuming driving potentials of
+/-10 V. The electric field strength distributions in the EP chip (figure 2.2(4)) and ER
chip chambers (figure 2.2(B)) were compared. The arrowhead and the length of arrow
show the direction and the magnitude of electric field strength, respectively. For EP chip
the inhomogeneous fields was found at the edges of electrodes (figure 2.2(4)). The field
vectors in between two-plane parallel electrodes are generally homogeneous. Highly
inhomogeneous fields are observed in the vicinity of the electrodes of the ER chip
chamber (figure 2.2(B)). The field vectors in the central regions are homogeneous.

The electric field strengths in EP chip chamber were calculated as shown in
appendix D. The results show that the electric field strengths near the vicinity of the
electrodes and close to the chamber bottom are stronger than in the center. However, at
positions above the chamber bottom the electric field strength becomes lower (see

appendix D for details).
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Figure 2.2 Three-dimensional electric field distributions in EP and ER chip chambers calculated
by the COMSOL 3.3 A finite element program. (4) the electric field lines between two plane-
parallel electrodes E1 and E2. The distance between electrodes is 80 um. The width, the length
and the thickness of each electrode are 10 um, 50 pm and 100 nm, respectively. (B) the electric
field lines between rounded tip four-electrode. E1, E2, E3 and E4 were progressively phase-
shifted by 90°. The radius of electrode tip, the distance between tip to tip and the thickness of
each electrode are 37.5 um, 75 um and 100 nm, respectively. The aqueous measuring solution

with a height of 5 pm was assumed for both chip chambers.
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Chapter 3

Materials and Methods

3.1 Microfluidic chips design

EP and ER chips for electropermeabilization experiments as well as the chip for TWD
study were designed using Micrografx Designer 9.0 program (iGrafx, a division of Corel-

Corel GmbH, Unterschleiheim, Germany).
3.1.1 Electroporation chip

A glass EP chip was designed for observation of the electropermeabilization of CRBCs in
square-wave AC-fields. This chip allowed for five different inter-electrode gap widths of
80 um, 100 um, 150 um, 300 pm and 450 pm (figure 3.1) generating five electric field
strengths for the same supply voltage. Only the three shorter distances (80 um, 100 pm
and 150 um) were used for CRBCs. Bigger cells can be observed with the larger
distances (300 pm and 450 pm). Temperature sensors were designed for the
measurement of temperature changes in the chamber. A photoresist structure forms the

side walls limiting the sample volume (figure 3.1).
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Figure 3.1 The electroporation chip design. (4) electrode chip design (13x13 mm?). The
meander-structure of temperature sensor was connected to the sample volume. A photoresist
structure forms the side walls limiting the sample volume which diameter is 3 mm. (B) zoom of
the plane-parallel electrodes. The width and the length of each electrode were kept constant at 80

um and 4.65 mm, respectively.
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3.1.2 Electrorotation chip

The ER chip with four platinum rounded-tip electrodes was designed for investigation of
electropermeabilization in square-wave rotating electric fields (figure 3.2). Two electrode

pairs simultaneously generate the two field components (see appendices A and B).
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Figure 3.2 Electrorotation chip design. (4) the electrode chip design (7x7 mm?®). The temperature
sensor was a meander-structure connected to the sample volume. A photoresist structure forms
the side walls limiting the sample volume to a circular diameter of 1.8 mm. (B) measures of the
electrodes. The radius of each electrode tip was 37.5 pm. The distance between two opposing

electrodes and the width of each electrode tip were 75 pm.
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3.1.3 Traveling-wave chip

To investigate the TWD of cells or particles, a chip with eight parallel-electrodes was
designed. The traveling-wave electric fields were generated by supplying adjacent

electrodes with 90° phase-shifted voltages.
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2200 pm

Figure 3.3 Traveling-wave chip design. (4) the electrode chip design (7x7 mm?®). A photoresist
structure forms two channels with a width of 100 um. (B) zoom of eight parallel-electrodes. The

electrode width and the inter-electrode gap were 30 pm.



Chapter 3 Materials and Methods 21

3.1.4 Chip carriers

All chip designs were fabricated by GeSiM GmbH (Grosserkmannsdorf, Germany,
www.gesim.de). The thickness of each platinum electrode and photoresist was 100 nm
and 60 pm, respectively. Double layered circuit board material was used for the chip
carriers. Chip carriers were designed using Eagle Layout Editor 4.16 program (CadSoft
Computer, Inc., Florida, USA). Chip and chip carrier for electropermeabilization in linear
AC-fields are shown in appendix D. Figures 3.4 and 3.5 show the chip and chip carrier

for electropermeabilization in rotating fields and TWD studies, respectively.

Temperature
connector

Parallel
resistors

SMD
capacitor

Plastic ring confines
sample volume

SMB
connector

Figure 3.4 Chip and chip carrier for electropermeabilization in rotating electric fields. (4) four
platinum rounded-tip electrode chip. (B) chip carrier. The bond pad of each electrode was
connected to SMD capacitors (0.1 uF), two parallel 100 Q resistors and SMB connectors (50 Q of
impedance). The plastic ring in the center of the chamber was glued to the photoresist to limit the

sample volume (5 pul). The chamber was sealed by a cover slip during measurements.
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Figure 3.5 Chip and chip carrier for travelling-wave dielectrophoresis. (4) the platinum electrode
chip with eight parallel-electrodes. The photoresist forms two channels. (B) chip carrier. The
bond pad of each electrode was connected to SMD capacitors (0.1 pF), two parallel 100 Q

resistors and SMB connectors (50 Q2 of impedance).

However, the traveling-wave chip (figure 3.5(4)) fabricated by GeSiM GmbH did not
fully correspond to the original design (figure 3.3). The width and the inter-electrode gap
were not equally 30 um resulting in an inhomogeneous electric field in between the inter-
electrode gap. Moreover, the photoresist was easily damaged. Accordingly, the TWD
study has been canceled.
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3.2 Electropermeabilization instrumentation

Block diagram of instruments and chip chamber for electropermeabilization in linear AC-
fields is shown in figure 3.6 (see appendix D for details). The same setup can also be
used for electropermeabilization in rotating fields. The method of observing PI-
permeabilization by fluorescence is presented in appendix D. The electric field strength
(E) generated in between a pair of parallel electrodes by a square-wave AC-pulse with a
key ratio of 1:1 is also described in appendix D. In the case of cell permeabilization in
rotating fields, the electric field strength in the central region depends on the electrodes
shape (Chapter 2). Accordingly, the field correction factor (» = 0.79) obtained from
electrode design R3 (table 2.1) was used for field calculations. The equation of £ in the
chip chamber becomes E = 0.79V,/d, where V and d stand for the voltage difference
between the electrodes and the distance between the two opposite electrodes (see

appendix D for details).
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Figure 3.6 Block diagram of instruments and chip chamber for electropermeabilization
experiments. The chip chamber was connected to the voltage amplifier, AC function generator
and pulse generator. The AC function generator was controlled by a computer program (courtesy
of Derk Wachner). The waveform, amplitude, and frequency of square-wave AC-fields across
two electrodes were monitored directly with an oscilloscope. The temperature sensor was
connected to a multimeter for resistance measurements. Electropermeabilization of cells was
observed under the fluorescence microscope. The photos were monitored and recorded by a

computer interface.
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3.3 Temperature sensor calibration

A temperature sensor was used for investigating the temperature changes in the chamber.
However, the temperature cannot be directly measured. The temperature on the chip was
obtained from a temperature sensor calibration. For calibration of the temperature sensor,
the resistance of sensor and temperature on the chip were measured using a multimeter
(model 2000, Keithley Instruments Inc., USA) and a digital thermometer (Omega
HHS506R, Deckenpfronn, Germany), respectively. The system was controlled in an oven
(Memmert UM400, Memmert GmbH, Schwabach, Germany) in the temperatures range
of 25°C - 60 °C. For lower temperatures, the system was transferred to a common
refrigerator. The calibration curves of resistances and temperatures on the chips were
plotted using the SigmaPlot 9.0 program (Systat Software GmbH, Germany) shown in
Chapter 4.

3.4 Cells and solutions

CRBCs were obtained from BfR (Bundesinstitut fiir Risikobewertung, Berlin, Germany).
Fresh blood samples were taken from the wing vein of Italian cocks and preserved in
Alsever’s solution as an anticoagulant. The concentration of CRBCs in this solution was
measured by centrifugation at 10,000xg (speed = 10,500 rpm) for 5 minutes with a
centrifuge (Sigma 1-5, Fisher Bioblock Scientific, Osterode, Germany). The hematocrit
of CRBCs was found at 19.28 + 3.62 %. Please note that fresh blood should be treated
gently and also not squirted through thin needles to avoid haemolysis (Grimes 2002).
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3.4.1 Alsever’s solution

Materials
1. Dextrose (glucose) 18.66 g
2. NaCl 3.18 g
3. tri-Na-citrate-2-hydrate 80 g

4. Filled up with distilled water to 11

Fresh blood was suspended in this solution with a dilution ratio of 1:1 at pH 6.1.

3.4.2 Phosphate buffer solution

Phosphate buffer (PB) solution was prepared from the mixture of two solutions shown

below.

Solutions

1. Sodium di-hydrogen phosphate monohydrate (NaH,PO4H,0, Karl Roth
GmbH & Co.KG, Germany)
Mw 137.99 g mol™ 8.0034 g I 58 mM
2. Di-sodium hydrogen phosphate dodecahydrate (Na,HPO4 12H,0, Karl Roth
GmbH & Co.KG, Germany)
Mw 358.14 g mol™ 20.7721 g I'! 58 mM

The pH values were measured by a microprocessor pH meter (pH 211, Hanna
instruments, Italy). The pH values of both solutions were 3.66 + 0.20 and 8.72 + 0.15,
respectively measured at a temperature of 22 + 1.5 °C. Both solutions were mixed to

adjust the final pH to 6.8.
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3.4.3 Measuring solution

For electropermeabilization experiment, CRBCs were suspended in the measuring solution.
This solution was a mixture of sucrose and NaCl solutions. Both solutions had an
osmolarity of 300 mOsm and contained 1 mM PB solution at pH 6.8 (Lippert and Gimsa
2002, see below). The solutions were mixed to adjust the medium conductivity to 0.12
Sm™. The solution conductivity was measured with a conductometer (inoLab Cond
Level 1, WTW GmbH, Weilheim, Germany) in the temperature compensation mode
(20°C).

Solutions

1. Sodium chloride (NaCl, Karl Roth GmbH & Co.KG, Germany)

M 58.44 g mol 9.175 g 1" 157 mM (300 mOsm)
2. Sucrose (C¢H2,01;, Karl Roth GmbH & Co.KG, Germany)
M 342.3 g mol 90.07 g 1" 263 mM (300 mOsm)

1 mM PB solution, pH 6.8 was added to both solutions.
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Chapter 4

Transmembrane potential induced in

ellipsoidal cells

4.1 Simplified equations for the transmembrane potential

induced in ellipsoidal cells of rotational symmetry

4.1.1 Introduction

New simplified analytical equations for the influential radii, i.e. the geometry-factors
1/(1-n,) that avoid the complicated description by the full expressions for the
depolarizing factors n, and n. (Gimsa and Wachner 1999) are presented. These equations
apply for the A¢ induced in oblate and prolate cells (or tissue bodies such as abscesses,
bruises etc.) by homogeneous DC or AC fields. In practice, there will always be errors
arising from the measurement of the geometric cell parameters, as well as deviations of
the cell shapes from an idealized spheroidal shape. In any case, new approximations will
be superior than the assumption of a spherical shape with a mean or effective radius and
the experimental errors will be larger than the discrepancies introduced by these
simplifications (see appendix C for details). Starting from the simplified equations of
influential radii (aj,p and cing in appendix C), Ag, and A¢. for spheroids will be further

simplified at high frequencies in following.
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4.1.2 Simplification of A¢ for spheroids at high frequencies

At high frequencies the A¢ decreases since frequency-independent ionic conductivities
are superseded by capacitive currents (figure 4.1). Please compare to the full RC-lump
model in appendix D and see also Gimsa and Wachner (1999 and 2001a). This model
contains three different media, internal, membrane layer and external designated by the
indices i, m and e respectively. Three elements of equal cross-sectional area (4) are

required. The impedance Z' of each element is given by:

7v=—1 @.1)

j, wand C stand for the imaginary unit (-1°°), circular frequency and capacitance of the

considered medium, respectively.

¢ﬂﬂwﬂ'.l‘ =
oV ¢i.ﬂ dinn E‘

Figure 4.1 Sketch of three finite elements of capacitance lump model for high frequencies. C;, C,
and C, stand for the capacitance of cytoplasm, membrane and external medium, respectively. A4,
d, a and a;,n stand for cross-sectional area, membrane thickness, the semiaxis length and
influential radius along the semiaxis a, respectively. E,, A@, @4, o and ¢, denote the external
field strength, the induced transmembrane potential, the cytoplasmic potential, the actual potential
at the surface and the maximum potential at the surface, respectively. For symmetry reasons, the

induced potential in the center is assumed 0 V (redrawn after Gimsa and Wachner 2001a).
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In the case of semiaxis a being oriented in the field direction A¢g, can be expressed by the

voltage divider properties of lump model, Ag@, becomes (compare to appendix D):

C, C,
C,+C.C,+C, C))

Ag, b (4.2)

=

m

where C;, C,, and C, are the capacitance of cytoplasm, membrane and external medium,

¥ stands for the maximum of ¢,., determined by the influential radius

respectively. ¢,
distance from the symmetry plane along semiaxis a, ainn (see appendix D and Gimsa and
Wachner 2001a). The relation of capacitance and permittivity of each element is given

by:

c i A
' a
C _gm gOA
" d
c, = fefd 4.3)
Aing — A

&, &, &n and & stand for permittivity of vacuum, relative permittivities of cytoplasm,
membrane and external, respectively. Introduction equation (4.3) into equation (4.2), Ag,
can be given by:

Ag, = £6.d P (4.4)
gm (ge a+ (ainﬂ - a) gi)

Analogous expression holds along semiaxis c. Introducing the simplified influential radii,

aint and cinn (appendix C) into equation (4.4) leads to:

(a+2c)e e, Ed
g, (a+c)e, +cs,)

Ag, = (4.5)
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(a+2c)s e, Ed
g, (2086 +a£i)

Ag, = (4.6)

For a single shell sphere both equations (4.5) and (4.6) reduce to (see also Wachner et al.
2002):

3¢,6, Ed
gm (263+gi)

Ag= 4.7)

Interesting cases for limiting shapes are disks or cylinders. A¢ can be further simplified.

For the disk shape, A¢ of equations (4.5) and (4.6) is:

A@:&Ed (4.8)
gm

ag = Ed (4.9)
&g

m

Equation (4.8) shows that A¢g, depends on &, whereas A@. depends on &, (equation (4.9)).

For the cylinder-shape the Ag-equations in equations (4.5) and (4.6) are simplified to:

Ap, = 2EiEd (4.10)
gm (ge + gi)

pg, = &L (4.11)
&

m

The Ag,induced in the cylinder-shape depends not only on the & but also the &, (equation

(4.10)). However, the A¢, of the cylinder-shape is independent on &, (equation (4.11)).
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4.2 Effects of cell orientation and electric field frequency on the

transmembrane potential induced in ellipsoidal cells

The effects of electric field and cell orientation on the A¢induced in ellipsoidal cells
were analyzed. The angle at the membrane surface point for the maximum A¢ of any
oriented cells was studied. The theoretical analysis showed that the maximum A¢ is
located at different points of the membrane depending on cell orientation, cell shape, cell
parameters and frequency. The theoretical results are compared to experiments obtained
from the electropermeabilization of CRBCs in a special chip system with five different
distances. Cell permeabilization was determined from propidium iodide (PI)
fluorescence-staining of the cell nuclei and cell lysis. The critical field strengths,
were analyzed for PI permeabilization and non-lysis of cells. In the analysis, the critical
transmembrane potential, Adi for PI permeabilization was also estimated. Details are

presented in appendix D. However, other experimental results are given in the following.

4.3 Electropermeabilization experiments

4.3.1 On-chip temperature sensor calibration

The resistance and the temperature on EP and ER chips were measured for temperature
sensors calibration. The calibration curves are shown in figures 4.2(4) and (B),
respectively. During experiments, the resistance of the on-chip temperature sensors was
directly measured whereas the temperature on the chips was calculated from the

equations of the linear regression as following:

R=9947+0.25T (4.12)
and

R=434.05+ 1.13T (4.13)
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R and T represent resistance and temperature, respectively. Equations (4.12) and (4.13)

were used for temperature calculation on EP and ER chips, respectively.
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Figure 4.2 On-chip temperature sensor calibration. (4) relation of resistance and temperature on
EP chip. (B) relation of resistance and temperature on the ER chip. The data points were fitted by
linear regression. The equations obtained from linear regression were used for temperature

calculation.
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4.3.2 Temperature changes in the chambers by pulse

application

Temperature changes in the chamber were obtained from resistance changes of the sensor
on each chip measured before and after pulse applications. The temperature changes in
EP and ER chip chambers were calculated using equations (4.12) and (4.13),
respectively. The increasing temperatures were investigated after pulse application
depending on frequency, pulse duration and exposure voltage (figures 4.3 and 4.4).
Temperatures in chip chambers before pulse application were 24.79+0.59 °C. The room
temperatures were 25.17+£0.13 °C. Voltages were exposed from 12 Vp, to 20 V.
Conductivity of measuring solution was kept constant at 0.12 S m™.

Figures 4.3(4) shows that the increasing temperatures in EP chip chamber are
independent on frequencies in these ranges studied. At longer pulse durations the
increasing temperatures were found (figure 4.3(B)). The temperatures also increased with
increasing exposure voltages. In ER chip chamber the increasing temperatures as a
function of frequency are shown in figure 4.4. These results confirm that the increasing
temperatures are independent on frequencies. Moreover, at 100 Hz, bubbles were found
during pulse applications. Room temperatures were always constant during pulse
applications for all experiments.

However, after pulse application a short temperature increase has been observed
with a maximum of 0.9 degrees and 1.5 degrees for EP and ER chambers, respectively.
Accordingly, the temperature changes after pulse applications did not affect to the PI
permeabilization and non-lysis for both chip chambers. Please note that the peak
temperature increase approx. 50 s for EP chamber and 40 s for ER chamber. These results
indicate the thermal constant of the chip and the chip carrier. The temperatures decreased

to room temperature again after the pulse approx. one more minute.
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Figure 4.3 Increasing temperatures after pulse applications in EP chip chamber. (4) frequency
dependence of temperatures. Frequencies range from 100 Hz to 100 kHz. Pulse duration was kept
constant at 10 ms. (B) comparison of the pulse durations and increasing temperatures. Pulse
durations range from 1 ms to 200 ms. The frequency was kept constant at 1 kHz. Each data point

was obtained from 3 repeats.
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Figure 4.4 Increasing temperatures after pulse applications in ER chip chamber. A frequency
dependence of temperature increase was obtained. Frequencies range from 100 Hz to 100 kHz.

Pulse duration was kept constant at 10 ms. Each data point was obtained from 3 repeats.

4.3.3 Shape of chicken red blood cells

Nikinmaa (1990) presented that, under no-flow conditions, most of the non-nucleated
mammals red cells are biconcave discs. The primitive erythrocytes of other vertebrates
are round and flattened, with a central bulge caused by the nucleus. The definitive
nucleated red cells are ellipsoidal. The amount of DNA in the nucleus of different
vertebrate red cells varies markedly: the chicken (Gallus domesticus) nuclei contain
approximately 40% of the amount of DNA found in human peripheral leukocyte nuclei.
Nucleated red cells also contain other cellular organelles, with a number depending on
the vertebrate group and the maturation stage of the erythrocyte.

In this study, the shape of CRBCs suspended in low conductivity solution

(0.=0.12 Sm™) was microscopically observed (Olympus IX71, Japan). Photos were
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recorded on hard disk and monitored by a computer interface using the Cell-P program
(Soft Imaging System GmbH, Germany). CRBCs were ellipsoidal in shape with a central
bulge caused by the nucleus (figure 4.5). The mean semiaxis lengths of a, b, and ¢ were
6.66 +0.19 um, 4.17 £0.26 pum and 1.43 +0.08 um, respectively. These results were
obtained from 60 cells collected in 3 repeats. Please note that the orientation of cells in
their a-c plane was not stable enough for electropermeabilization experiments. Only cells
oriented in the a-b plane could be used for electropermeabilization experiments (figure
4.5). Microphotographs of CRBCs, obtained via a Scanning Electron Microscope, SEM
(DSM 960A, Carl Zeiss, Oserkochen, Germany), are shown in appendix D.
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Figure 4.5 The microscopic image of CRBCs with a magnification of 60X. (4) and (B) show the
different orientations of cells on EP and ER chip chambers, respectively. The semiaxis lengths of

a, b and ¢ could be measured using the Cell-P program.



Chapter 4 Transmembrane potential induced in ellipsoidal cells 39

4.3.4 Conductivity of cell suspensions

Normally, fresh blood was preserved in Alsever’s solution before suspension in the
measuring solution. The conductivities of cell solution with washed cells and cell
suspensions without washed cells were compared. In the case of washed cell, 1.5 ml of
fresh blood was washed thrice in PB solution (Chapter 3) by centrifugation using a
centrifuge (Sigma 1-15, Fisher Bioblock Scientific, Osterode, Germany) at 500xg for 5
minutes (Lippert and Gimsa 2002). The sedimented pellet was transferred to the
measuring solution. Washed cells suspended in measuring solution were diluted to 10 ml
with a hematocrit of 0.03%. For cell suspensions without washing, fresh blood preserved
in Alsever’s solution was directly diluted in 10 ml of measuring solution with a
hematocrit of 0.03% as well. The conductivities of both cell suspensions were measured
by the conductometer (inoLab Cond Level 1, WTW GmbH, Weilheim, Germany) and
compared to control solution without cells. From three repeats, the conductivities of
control, washed cell suspensions and cell suspensions without washing at 20 °C are
shown in table 4.1. These results show that the conductivities of both cell suspensions are
not significant different from the control solution. Accordingly, cell suspensions without

washing were used for electropermeabilization experiments.

Table 4.1 Conductivity of cell suspensions

Cell suspensions Conductivity (S m™)
Washed cell suspensions 0.1192 £ 0.0002
Cell suspensions without washing 0.1194 £ 0.0003
Control solution without cells 0.1198 £ 0.0002

Moreover, for electropermeabilization experiment the cell suspension was combined with
10 uM of PI. Accordingly, the conductivities of cell suspensions containing 10 uM of PI
and without PI were compared. The conductivities of cell suspensions containing 10 puM

of PI and without PI compared to the control solution are presented in table 4.2. They are
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not significant different. These results indicate that PI does not affect to the conductivity

of the cell suspensions at a concentration of 10 uM.

Table 4.2 Conductivity of cell suspensions containing PI and without PI

Cell suspensions Conductivity (S m™)
Cell suspensions containing 10 pM of PI 0.1266 £ 0.0005
Cell suspensions without PI 0.1264 £ 0.0007
Control solution without cells 0.1263 £ 0.0006

4.3.5 Electropermeabilization of oriented chicken red blood

cells in linear square-wave AC-fields

This study focused at the observation of electropermeabilization of CRBCs in linear
square-wave AC-fields by fluorescence. The effects of AC electric field strength, field
frequency, pulse duration and cell orientation on the electropermeabilization and cell
lysis were considered (see appendix D for details). These experiments were analyzed in

the EP chip chamber. However, some different results from appendix D are shown below.

Dependence of electropermeabilization of oriented cells on

electric field strength

Observations of electropermeabilization by the fluorescence changes of PI staining the
nucleus of CRBCs are shown in figure 4.6. The standard parameters are shown in table
4.3. Within 1-10 s, the dye lightly stained at the nucleus of cells (figure 4.6(B)). After
10 s, the dye increasingly diffused to the nucleus. The brightness became stable within 2-
3min (figures 4.6(D-F)). Accordingly, PI permeabilization of all conditions was

considered within 3 min after pulse application.



Chapter 4 Transmembrane potential induced in ellipsoidal cells 41

Table 4.3 Standard parameters for investigating the dependence of

electropermeabilization of oriented cells on electric field strength

Parameter Value
Conductivity of solution 0.12Sm”
Exposure voltage 16 Vp,
Field frequency 1 kHz
Pulse duration 10 ms

Within 1-10 s, the dye lightly stained at the nucleus of cells (figure 4.6(B)). After 10 s,
the dye increasingly diffused to the nucleus. The brightness became stable within 2-3 min
(figures 4.6(D-F)). Accordingly, PI permeabilization of all conditions was considered
within 3 min after pulse application.

Moreover, the effect of electric field strength on PI permeabilization was
investigated (figure 4.7). In this study, conductivity of solution, exposure voltage, pulse
duration and field frequency were kept constant (table 4.3). Angles of cell orientations
between electric field £ and semiaxis a of 6(0°, 45° and 90°) were used. Figure 4.7
shows the comparison of the PI permeabilization of cells under different field strengths
generated by different distances between two parallel electrodes. At the field strengths of
200 kV m" and 160 kV m”, the nucleus of cells could be stained by PI, whereas at
107kV m™ only one cell was stained. These results show that the percentage of PI
permeabilization increases with increasing field strength (Lebar and Miklavcic 2001,
Miiller et al. 2001, Puc ef al. 2003, Rols and Teissi¢ 1990, 1998 and Wolf et al. 1994).
Please note that the angle of cell orientation before and after pulse application of some
cells changed (number 1 in figures 4.7(4) and (B)) because of cell movements over
ground before the pulse. Whereas in the case of immotile cells, the angle of cell

orientation did not change (number 3 in figures 4.7(4) and (B)).
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Figure 4.6 Fluorescence changes of PI staining of CRBCs-nuclei after pulse application. The
distance between two parallel electrodes was 80 um. (4) cells were immediately observed under
phase contrast after immediate pulse application. Other figures (B, C, D, E and F): cells were
examined under fluorescence after pulse application within 10 s, 30 s, 1 min, 2 min and 3 min,

respectively. Numbers indicate PI permeabilized cells.
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Figure 4.7 Electropermeabilization of oriented CRBCs in different field strengths. The distance
between two parallel electrodes was 80 um (4-C), 100 pum (D-F) and 150 um (G-). 4, B, D, E, G
and H: cells were observed under phase contrast before and after pulse application. C, F and I
cells were examined under fluorescence 3 min after pulse application. Numbers and orientation

angles of their semiaxes a with respect to the field are marked.
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Dependence of PI permeabilization and cell lysis on field
frequency

The percentages of PI permeabilization and non-lysis (survival) were analyzed for

various cell orientations (0= 0°, 45° and 90°) and at different frequencies (table 4.4).

Table 4.4 Parameters for investigating the PI permeabilization and non-lysis depending

on field frequency

Parameter Value
Conductivity of solution 0.12Sm”
Pulse duration 10 ms
Frequency variations 100 Hz, 1 kHz, 10 kHz, 100 kHz, 150 kHz
Electric field strength variations 93.33-250 kV m’'

Results indicated that the PI permeabilization at low frequency was higher than at high
frequency, whereas the non-lysis of cells was higher at high frequency (appendix D and
compare to Gimsa and Wachner 1998).

Figure 4.8 presents the examples of PI permeabilization under different
frequencies. At 1 kHz and 10 kHz, all cells of all orientations were permeabilized (figure
4.8(C) and figure 4.8(F)). At 150 kHz, only two PI permeabilized cells out of five cells
were found (numbers 2 and 3 in figure 4.8(/)). These results confirm that PI
permeabilization of cells decreases with increasing frequency (see appendix D for

details).
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Figure 4.8 Electropermeabilization of oriented CRBCs for frequency variations. The distance
between two parallel electrodes was 80 um. Cells were exposed to 16 V,, (E =200 kV m™). The
frequency variations were 1 kHz (4-C), 10 kHz (D-F) and 150 kHz (G-I).
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Dependence of PI permeabilization and cell lysis on pulse

duration

Parameters presented in table 4.5 were used for consideration of the effect of pulse

duration on PI permeabilization and non-lysis.

Table 4.5 Parameters for investgating the PI permeabilization and non-lysis depending

on pulse duration

Parameter Value
Conductivity of solution 0.12Sm”
Frequency 1 kHz
Pulse duration 1 ms, 10 ms, 50 ms, 100 ms and 200 ms
Electric field strength variations 80-250 kV m™

The results show that at shorter pulse duration required higher field strength for
increasing PI permeabilization, whereas at longer pulse duration the PI permeabilization
required lower field strength. Nevertheless, at longer pulse duration, the decreasing non-
lysis were found (appendix D and compare to Rols and Teissi¢ 1990 and 1998).
Furthermore, the PI permeabilization and cell lysis also depend on orientation angle of
semiaxis a with respect to the field (6). At & = 0°, the PI permeabilization was higher
than at 6= 45° and 90°, respectively. In contrast, the non-lysis of cells were lower for any
conditions (see appendix D and compare to Valic et al. 2003).

The examples of pulse duration dependence under fluorescence light were shown
in figure 4.9. The results show that at 1 ms of pulse duration, the percentage of PI
permeabilization is lower than at the longer pulse durations. However, at 200 ms only
lysed cells were found (numbers 1 and 2 in figure 4.9(/)). Cells located near electrodes
are more easily stained and lysed because of the stronger electric field strength (number

4, figure 4.9(0)).
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Figure 4.9 Electropermeabilization of oriented CRBCs in different pulse durations. The distance
between two parallel electrodes was 80 pm. Cells were exposed to 16 V,, (E = 200 kV m™). The
variations of pulse duration were 1 ms (4-C), 10 ms (D-F) and 200 ms (G-).

4.3.6 Electropermeabilization of chicken red blood cells in

square-wave rotating electric fields

The electropermeabilization of CRBCs in square-wave rotating fields were also studied
for comparison with electropermeabilization in linear square-wave AC-fields. The
rotating fields were generated in the ER chamber by four 90°-phase shifted signal (see
Chapter 2). Effects of field strength and field frequency were considered for PI-

permeabilization and non-lysis of cells. An ER chip with rounded-tip electrodes was
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used (see Chapter 3). The A, was also estimated. Table 4.6 shows the parameters for

these experiments.

Table 4.6 Parameters for observations of electropermeabilization of CRBCs in rotating

fields

Parameter Value
Conductivity of solution 0.12Sm"
Pulse duration 10 ms
Frequency variations 1 kHz, 10 kHz, 50 kHz, 100 kHz, 150 kHz
Electric field strength variations 74-186 kV m'

Dependence of PI permeabilization and cell lysis on electric field

strength and frequency

Rotating fields effects are shown in figure 4.10. Frequencies of 1 kHz, 10 kHz and 150
kHz were compared. At 1 kHz and 10 kHz, the percentage of PI permeabilization is
higher than at 150 kHz (figures 4.10(4-C) and figures 4.10(D-F) compare to figures
4.10(G-1)). These results confirm that the PI permeabilization of cells decreases with
increasing frequency (compare to figure 4.8). Please note that in the vicinity of the
electrodes, lysed cells easily occurred (number 2 in figure 4.10(C) and see also Chapter
2). The percentages of PI permeabilization and non-lysis of cells of CRBCs in rotating
fields with different frequencies are shown in figure 4.11. These results are corresponding
to the case of PI permeabilization in linear AC-fields measured in EP chip chamber.
Figure 4.11 shows that the percentage of PI permeabilization increases, whereas
the percentage of non-lysis of cells decreases with increasing electric field strength.
Sigmoidal curves were fitted to the data points to analyze the E.,;, of PI permeabilization
and E..; of non-lysis (compare to appendix D). Only cells in the central region were

observed because of the homogeneous field (Chapter 2).
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Figure 4.10 Electropermeabilization of oriented CRBCs in rotating field. The distance between
two opposed electrodes is 75 um. Cells were exposed to 11 V,, (E = 116 kVm™). The frequency
variations were 1 kHz (4-C), 10 kHz (D-F) and 150 kHz (G-I). Numbers are marked for

observations.



Chapter 4 Transmembrane potential induced in ellipsoidal cells 50

PI-permeabilization and non-lysis / %

75 90 105 120 135 150 165 180 195 210
Electric field strength / kV m™

Figure 4.11 Effect of field frequency on the percentage of PI permeabilization and non-lysis in
square-wave rotating fields. Solid lines denote the fitted sigmoidal curves. Frequencies variations:
1 kHz (A), 10 kHz (o), 50 kHz ( ), 100 kHz (x) and 150 kHz (¢). Hollow and filled symbols

indicate PI permeabilization and non-lysis, respectively.

Dependence of the critical electric field strength of cells on field
frequency

Figure 4.12 shows the effect of frequency on the £, of PI permeabilization and E,,;; of
non-lysis. In this frequency range (table 4.6), the E.;; of PI permeabilization was always
lower than the E,,;; of non-lysis (compare to the results of the EP chamber in appendix D).
Figure 4.12 also indicates that the E.; of non-lysed cells increases with increasing
frequency.

For consideration of E; of PI permeabilization, it is constant at low frequencies
(1 — 50 kHz) and increasing at higher frequencies (100 - 150 kHz) (see also appendix D).

However, the PI permeabilization in rotating fields is not dependent on the angle.
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Gimsa et al. (1992) presented that the PI permeabilization of non-spherical cell in
rotating fields occurred in the membrane areas closed to its longest axis. Accordingly, the
theoretical curve was calculated using cell parameters of CRBCs and orientation angle of
0 =0° compared to experimental data points of E.;, of PI permeabilization (compare to
appendix D). The A, was 0.79 V for PI permeabilization in rotating fields. This value is
lower than the Ag@.; at 6 =0° in the EP chamber (appendix D). This suggests that the

A, induced in rotating fields is lower than in linear AC-fields.

L

90 — T
3 4 5 6
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Figure 4.12 Comparison of the critical electric field strength for PI permeabilized and non-lysed
cells as function of field frequency. Data points of E.,;, of non-lysis (filled-triangle) and E.,;, of PI
permeabilization (hollow-triangle) were obtained from the fitted sigmoidal curves shown in

figure 4.11. Solid line shows the theoretical curve using parameters of CRBCs (see text).
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Chapter 5

Simplifications of dielectrophroretic force

5.1 Introduction

Gimsa (2001) presented that the dielectrophoretic force acting on ellipsoidal particles is
given by:

(F.)=¢,2,V CMF E; %i (5.1)

when the semiaxis a oriented in parallel to the field. Equation (5.1) shows that the
frequency dependence of the dielectrophoretic force is described by the real part of CMF,
(CMF,*®) along the semiaxis a oriented in parallel to the field. Orientation of the
ellipsoidal particle along the other two axes would change the index of CMF. V and E
stand for particle volume and the amplitude of the electric field. Parameter y describes the
small field gradient. In case of the semiaxis a being oriented in parallel to the field in x-

direction, the CMF, is given by (Gimsa 2001):

CMF, = i(—¢e’“ i ] (5.2)
na ¢e,a
. VAR A .
CMFa = amﬂ 1-— - a - m . amﬂ (53)
ainﬂ_a Zi,a+Zm+Ze,a a
with
Qi 1

St (5.4)
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a d
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Please note that equation (5.3) is valid for the case of a single-shell object. The influential
radius, ai,n can be expressed by the depolarizing factor, n, (equation (5.4) and Gimsa
2001). Analogous expressions hold along the other two semiaxes. To consider the
dielectrophoretic force (equation (5.1)), simplifications of CMF for spheroidal cells are

considered in the following.

5.2 Simplifications of dielectrophoretic force for spheroidal

cells

Introduction of simplified equations of ainn and cinn (appendix C) into equation (5.3), the

CMF along semiaxes a and ¢ become:

Z +Z
CMFa=a+2c e a+c (5.6)
c Zi+Z,+Z, .\ a+c
Z . +Z
CMFc:a+2c o el a+2c 5.7)
a Z,.+Z,+Z,.\ 2c

When semiaxes a and c¢ are oriented in parallel to the field, dielectrophoretic forces can
be expressed by the real part of CMF, and CMF,, respectively (figure 5.1).

For analysis the equatorial radius was kept constant (¢ = 3.5 pum). The semiaxes
ratios of c:a=1:3.5, 1:5, 1:10 (oblate), c:a=1:1 (sphere) and c:a=2:1, 5:1, 10:1 (prolate)

were considered. Cell parameters were given in table 5.1.
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Figure 5.1 shows the real part of CMF resulting in the dielectrophoretic force. All cases
indicate that the first and the second plateaus (F, and F3) depend on the axis ratios,
whereas the third plateau (F3) is not significantly different. In case of the semiaxis a
being oriented in parallel to the electric field, F; of the real part of CMF, is lower for
prolate spheroids than for spheres and oblate spheroids (figures 5.1(4), (B) and (C)). In
contrast, F, of the prolate is higher than for spheres and oblate spheroids.

In the case of semiaxis ¢ being oriented in parallel to the electric field, F, and F>
of the real part of CMF, are higher for prolate spheroids than for spheres and oblate
spheroids (figures 5.1(D), (E) and (F)). Errors of simplified equations (equations (5.6)
and (5.7)) were also considered for the real part of CMF, and CMF.. The errors of the
real part of CMF, are always smaller than 4% in dependent of shape (dotted lines in
figure 5.1).

Large errors of F; are found for oblate spheroids (<16%, figure 5.1(D), (£) and
(F)) for the real part of CMF, as well as for F, for the long prolate shape with an axis
ratio of 10:1 (40%, figure 5.1(F)), respectively. This suggests that the errors of F, and F;
for the real part of CMF,. will be larger for very thin disk and long cylinder, respectively.

However, the errors of F5 for all cases are always smaller than 2%.
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Table 5.1 Cell parameters of spheroid for model calculations (Gimsa and Wachner 1999)

Parameter Value
Semiaxes lengths of a and b 3.5 um
Semiaxis ¢ 0.35 pum — 35 um
Membrane thickness (d) 8 nm

Conductivities / relative permittivities

- Internal; o; 0.53Sm"

- Membrane; &, 1 uSm’

- External; o, 0.12Sm’"
Area specific membrane conductance (g,,) 125 S m™
Area specific membrane capacitance (C,,) 0.01 Fm™

Relative permittivities
- Internal; &; 50
- Membrane; ¢, 9.04

- External; &, 80
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Figure 5.1 Real part of the CMF of the spheroidal single shell model as a function of frequency.
(4), (B) and (C): real part of CMF when the semiaxis a being oriented in parallel to the electric
field. (D), (E) and (F): real part of CMF when the semiaxis ¢ oriented in parallel to the electric
field. Cell parameters were given in table 5.1. The curves for the full model (equation (5.3)) were
compared for the axis ratios of 1:3.5, 1:5, 1:10 (oblate, solid lines), 1:1 (sphere, dashed-dotted
lines) and 2:1, 5:1, 10:1 (prolate, dashed lines). Dotted lines stand for the curves calculated by
simplified equations (equations (5.6) and (5.7)). For the DP, characteristic force plateaus (£, F>,

F3) were marked.
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The characteristic force plateaus of F, F, and F3 (figure 5.1) derived by simplified

schemes are given by (Gimsa and Wachner 1999):

F :(ainﬂj agm (O-i_o-e)_o-i Ue (5 8)
1 a gm ((ainﬂ _a)o-i +ao—e)+o-i O-e ‘

F = Qinn (O-i — O-e) (59)
’ (ainﬂ —a) o, tao,

F3 — Qi (gi _ge) (510)

(ainﬂ - a)gi + age

These equations are complicate because of the complex expressions of ajg relating to the
depolarizing factors (Gimsa and Wachner 1999). Accordingly, simplified equations of the
characteristic force plateaus were obtained by introducing the simplified equations for
ainst and cinn (appendix C). The characteristic force plateaus for the real part of CMF,
(F1.a, F24and F3,) are simplified to:

Fvla _ (a+20)(agm (O'i—O'e)—O'iUe) (511)
’ ag, (cai +(a+c)0'e)+ (a+c)ai o,

F, - (a+2c)(0',. —Ge) (5.12)
| co, +(a +c)0'e

(a+2c)(z —2,)
F3 a =
' ce; + (a +c)ge

(5.13)

For the real part of CMF, the characteristic force plateaus (F., F,. and F3) are given
by:

F'lc:(a+2c)(cgm(o-i_o-e)_o-i O-e) (514)
’ cg,(ac,+2co,)+2co, o,
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(a + 2c)(al. - ae)

F,, = (5.15)
’ ao, +2co,

F, - (a+2c)(5,. —ge) (5.16)
’ ag;, +2ce,

These simplifications indicate that the characteristic force plateaus can be easily

calculated if the length of each semiaxis is known.
5.3 Simplifications for zero membrane conductance

At low frequencies the first plateaus, F; , and F . (equations (5.11) and (5.14)) reduce to:

2
F, =—(a+ C) (5.17)
' a+c
Flc:_[a+2cJ (5.18)
’ 2c¢

for the case of zero membrane conductance. Equations (5.17) and (5.18) represent the
negative influential radii of ainn/a and cinn/c, respectively (see appendix C and compare to
Gimsa and Wachner 1999). These simplified equations show that the first plateau
depends only on the lengths of semiaxes a and ¢ for spheroidal cells with zero membrane

conductance.
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5.4 Simplifications for the cytoplasmic conductivity infinitely

higher than the external conductivity

In the medium frequency range, the second plateaus of F», and F> given in equations

(5.12) and (5.15) can be simplified to:

F,, =4+2¢ (5.19)
C

F, =9%2¢ (5.20)
a

for a cytoplasmic conductivity infinitely higher than an external conductivity (c; >>c.).
For a thin disk, />, and F> approach infinity and 1, respectively, whereas F, approaches
3 for the spherical shape (Gimsa and Wachner 1999). For a long cylinder, F>, and F>,

approach 2 and infinity, respectively.
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Chapter 6

Conclusions

Electric field distributions in chip chambers were first analyzed using the finite element
programs. The two-dimensional electric field distributions in ER chips using the
QuickField were compared to results with the FEMLAB 3.1 finite element program. The
results of FEMLAB 3.1 are more precise than QuickField results. Moreover, the
FEMLAB 3.1 program can also be applied for complicate structures. Accordingly, the
results analyzed by the FEMLAB 3.1 program were selected for optimizing the electrode
shape for four-electrode rotation chambers. Torque correction factors provide a basis for
characterizing and comparing chips with various electrode shapes. These considerations
could specify the electrode-chips with the largest areas of a torque deviation below 10%
amongst all considered designs. Amongst the various designs a rounded tip pyramidal
electrode was favored. This approach can be a useful tool for other planar designs of
central symmetry, like 3, 6, or 8-electrode chambers. Furthermore, three-dimensional
electric field distributions in EP and ER chip-chambers were compared using COMSOL
3.3A Multiphysics program. In EP chip-chamber, the electric field strengths near the
vicinity of the electrodes and the chamber bottom were inhomogeneous. For ER chip-
chamber, homogeneous electric fields were found in the central regions, whereas fields
were inhomogeneous near the electrodes.

Simplified equations for influential radii (ainn and cinn) of spheroidal cells
avoiding the complicated description by the depolarizing factors were derived. These
simplifications apply to the A¢ induced at the poles of spheroidal cells as well as for the
characteristic frequency of membrane polarization, f.. The simplified equations can be
considered generalized Schwan equations, describing the Ag dependence on size and axis

ratio for spheroidal cells.
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The errors of the simplified equations are a function of cell shape, size, and orientation.
The errors also depend on the electric cell properties such as o;, o, but not on g,, and C,,.
The new equations can also be used to derive simplified equations for the AC-
electrokinetic behavior of cells. Furthermore, simplifications for dielectrophroretic force
expression were considered for spheroidal cells using the simplified equations of
influential radii. The simplified equations of real parts of CMF could also avoid the
complicate expressions by the depolarizing factors. The new simple equations for F, F»
and F3 could be analyzed for the limiting shapes of thin disk and long cylinder.

The effects of cell orientation and electric field on the transmembrane potential
induced in ellipsoidal cells were also analyzed. Theoretically, the location of the Ag ™
membrane surface points (oand f) depends on cell shape, cell orientations, cell
parameters and frequency at this field orientation. It is the first investigation of ellipsoidal
cells exposed to an EP field with an orientation of 45°. Theoretical results were
confirmed in electropremeabilization experiments. For experimental study, CRBCs were
used for comparison of A¢ of ellipsoidal cells with the theoretical analysis.
Electropermeabilization and cell lysis of CRBCs in linear square-wave AC-fields (EP
chip chamber) and square-wave rotating fields (ER chip chamber) were studied.
Experimental results from both chip chambers showed that PI permeabilization and cell
lysis of CRBCs depended on cell orientation, electric field strength, pulse duration and
field frequency. Estimations of the critical transmembrane potential Ad,;, for PI
permeabilization were obtained 0.99 V, 0.94 V and 0.89 V in linear fields for different
orientation angles of d = 0°, 6 =45° and 6= 90°. Whereas, A¢. in rotating fields was
0.79 V. These results indicate rotating fields can easily induce permeabilization. The
permeabilization is independent of cell orientation in rotating fields, since these fields
scan the membrane surface. The probability of poration of randomly oriented ellipsoidal
cells is increased by scanning (Gimsa et al. 1992).

Both chip chambers avoid increasing temperatures after pulse application.
Furthermore, EP chip chambers can generate different electric fields in one voltage

application and can also be used for many cells at a time. In ER chip chambers can
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generate only a single field strength in a single voltage application. Only 1-2 cells can be
observed in the central area of the ER chip chambers.

In the future, new chips may be developed for electromanipulation of cells or
particles in combination with fluidic pump systems as well as for nanotechnology

applications.
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Abstract

The electrorotation method can be applied to characterize the passive electric properties of individual cells or particles. For this, their frequency-
dependent speed of rotation is registered microscopically. Commonly, object rotation is induced in harmonic rotating fields which are penerated
in four electrode chambers. The rotation speed of the objects is proportional to the square of the field strength. In this study, we calculated the
two-dimensional electric fizld distribution in electrorotation chips using the FEMLAB finite element program (Comsol, Sweden). For reasons of
symmetry, a perfectly circular field is generated at the centers of the four electrode chambers. Nevertheless, the fizld strength is reduced with
respect to the quotient of electrode voltage and distance for any electrode shape. Distant from the center, the field polarization is elliptical with an
eccentricity increasing with the distance to the center. For optimizing the electrode shape, the deviations in torques for given distances from the
center have been calculated. These deviations have been compared for various electrode shapes in order to find an optimal chip design. Another
criterion was a large electrode distance in the corners of the electrode arrangement in order to avoid field hot spots and to minimize dielectrophoretic

particle collection.
0 2006 Elsevier Lid. All rights reserved.

Keywords: AC-electrokinetics: Rotating field; Four electrode chamber: Electrode-chips; Torque-distrbution

1. Introduction

Electrorotation is a common approach to characterize the
dielectric properties of individual biological cells and particles
by microscopic observation of their frequency-dependent rota-
tion speed [ 1]. Rotating fields of frequencies ranging from Hz to
GHz are commonly generated by four microelectrodes energized
by four potentials that are progressively phase shifted by 90°,
The frequency spectrum of rotation at a constant field strength
can be analyzed to obtain the dielectric properties of the objects,
e.g. cells, cell organelles or viruses. The volume of the electro-
rotation chamber and its electrode shape are important design
considerations. For a variety of electrode configurations the field
distribution was analyzed by potential measurements in a trough
[2] or computer simulations [3-5]. The torque is proportional
to the square of the rotating field strength [1.3.5-8]. Refs. [2]
and [3] introduced a correction factor for the field strength in

* Cormsponding author, Tel.: +49 331 494 2037 fax: +49 381 494 2039,
E-mail address: jan. gimsa@uni-rostock.de (1. Gimsa).

0013-4686/% — =ee front matter © 2006 Elsevier Lid. All rights reserved.
doi: 1001016/ electac ta. 200603 .048

chambers of different electrode designs. Bef. [5] considered the
influence of the phase difference between the x and ¥ compo-
nents of the electric field on the torque. The torque depends
on the position within the chamber and the electrode geometry
[4.5]. This has been demonstrated in experiments with polyno-
mial electrodes [9].

In this study. the distribution of a sinusoidally rotating elec-
tric field was calculated for a two-dimensional model using a
finite element program. Correction factors were calculated for
the electric field strength and the object-torque. Based on these
calculations, torques acting on a spherical object at the center
and at distant sites within the electrode chamber have been ana-
Iyzed. The site dependent deviation of the torque from the torque
in the center has been compared for various electrode designs in
order to find an optimal chip design.

2. Method and theory

A rotating electric field generated by two pairs of electrodes
orientated perpendicular to each other in the x—v plane may force
polarizable objects. like biclogical cells, to rotate with the axis
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of rotation pointing in the z-direction. The field strength between
two opposite electrodes 1s always influenced by the neighbor-
ing electrodes forming the perpendicularly oriented electrode
pair. This influence results in a reduced field strength (Ep) in
the center of the chamber. Ep is always lower than the field
strength calculated for a single pair of plane-parallel electrodes
(E"D = V/d = Eqp). The corection factor of the circular field in
the center is given by:

r=— (1)

Additionally. the rotating field is changing from circular to
elliptical outside the center. Generally, the eccentricity of the
elliptical field increases with the distance from the center. Espe-
cially near the electrodes the field is strongly eccentric. To
describe the elliptical fields we used the following simplify-
ing approach. Due to its radial symmetry the chamber can be
divided into four pairs of mirror symmetrical slices of which
only one has to be examined. The boundaries of these slices are
given by four lines crossing the center (Fig. 1 A): Two of the
lines connecting the electrodes (L) and two diagonals dividing
the inter-electrode gaps (Ly). The assumption is made that at a
given radius the elliptical fields at the lines L; and Ly provide
the limiting cases for the field deviations, Le. the limits for the
range in eccentricity and orientation of the field at any interme-
diate site of the same radius. Accordingly. the analytical effort

can be reduced to the calculation of the elliptical fizld along L
and Ly. Further, 1t s sufficient to calculate the static electnic hield
distributions for two phase angles, 0° and 45°.

For numerical simulation we vsed FEMLAB { Comsol, Swe-
den) assuming a sinusoidal driving potentials of 10 Vpp. At 0°
the field strength was analyzed along the lines L, (Fig. 1B).
These lines are orientated parallel (Lg). connecting the posi-
tive and negative electrode) and perpendicular (L) . connecting
the electrodes with zero potential) to the field. respectively. The
eccentricity of an elliptic field can be derived from the maximum
and minimum field strengths Epyy and Epig that are orientated
perpendicular to one another. To describe the elliptic fields along
the L lines at a given distance from the center, Epg, and Epj,
values were combined from the Ly and the L) lines, respec-
tively. Analogously, the fields have been analyzed at a phase
angle of 457 (Fig. 1C): Eqay and Ey, have been derived from
values taken from the diagonal lines Ly and Ly, respectively.
The relation between the amplitudes of the components of the
elliptic and the circular center fields can be described by:

a

Epax = —En (2
r

and
b

Enin = —Eqp (3
r

(see Fig. 1.

Fig. 1. Scheme of o round tip electrode chip-chamber demonstrating our approach. (A) The rotating field was analyzed along the boundaries Lz and L of cne slice
{gray) only. The circular field in the centeris described by the comection factor v, The elliptic fields cut of the center are described by the factors a and &, With respect
to the mdius the orientation of the elliptic field is shifted by 90¢ at two consecutive boundaries of L, or Ly. (B and C) Examples for Eq,, and Ey, at 0°- (B) and
45°-phase (C). Field magnitudes were derived for equal radii (dashed cimcle), Emax and Emin values were derived along lines L) and L1,
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Table |

Parameters of the electrode designs

Shape De=ign Width I¥ { pum ) Radius B {pm)

Square 51 10 -
52 75 -
53 150 -
54 240 -
55 300 -

Round Rl 150 75
R2 240 120
R3 300 150
R4 300 240
RS 300 300

Pointed-pyramidal Fl - -

Rounded tip-pyramidal P2 - -

Parabolic

P3

In all cases the tip to tip distance of opposing electrodes was 300 pum.

The eccentricity ecc of the field can be calculated from a and
b:

2
ece=4)1— (E) 4)
a

The magnitude of the torque Ny in the circular center field is
given by (for details see Appendix A):

No = E33(a) = PE'33(@) (5)

where r2 stands for the torque correction factor and (e for the
imaginary part of the polarizability of a spherical object with
oy = g0 VIICMF) [1]. £p £p. Vand CMF are external per-
mittivity, volume and the Clausius—Maossotti factor, respectively
[1.10,11]. Distant from the center the elliptic field generates the
torque Nepip (see Appendix A

Nattip = abE'>3(@) = Emax Emind(c) (6)

with the product ab being the torque correction. Please note
that in the center ab =r~ for Nayjp = Np. The deviation of Neip.
ANgip with respect to the torque in the center Ny is given by:

Netiip — No
No

In this study, the field propernies of 13 different electrode
designs have been analyzed. Both, squared and rounded tip elec-
trodes were considered altering the electrode width D and the
electrode tip radius R ( Table 1). Furthermore, we studied pointed
pyramidal. rounded tip pyramidal and parabolic electrodes (see
also Fig. 2). In all cases, the spacing d between opposing elec-
trode tips was kept constant at 300 pum (compare to Ref. [11]).

AN lip = (T

3. Results and discussion
3.1, Electric field distribution in the rotation chamber
The electric field distributions for nine different electrode

designs are shown in Fig. 2. The direction and magnitude of
the electric field depends very much on the location within the
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Fig. 2. Electric field strength distribution in the x—yplane of the electrode cham-
bers ab °- and 45°-phase. respectively. (A0 squared electrodes 51, 53, 85, (B)
rounded tip electrade B1. B3, RS, (C) pointed pyramidal, rounded tip pyramidal
and parabolic elecirodes PL, P2 and P3, respectively. The amows are electric
field strength vectors.

chamber and the electrode design. The field in the central regions
is largely homogeneous. In the vicinity of the electrodes the field
is highly inhomogeneous.

In Fig. 3, the electric field strength is plotted along the con-
necting lines Ly} and Ly and along the diagonals Ly, and Ly.
From the software the two components of the elliptical field.
Emax and Epjp. can be derived for any radius. At 0°-phase, val-
ues of Epay are found along line Ly, connecting the positive
and negative electrodes. Values of Ep, are found along line
L. connecting the electrodes with zero potential. In contrast,
at 45°-phase, maximum and minimum valves are found along
lines Lgy and Ly, respectively.
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Connecting lines Diagonals

Electric field strength (kV/m)

140 T 0 TO 140 -l40 =70 0 T0 140 200
Distance from the center (pm)

Fig. 3. The electric field strength varies along the connecting lines Lol and Loy
and the two diagonals L1 and L4y (A) Field strength for the squared electrodes
31 (solid). 82 {long dash). 53 idash dot—dot), 54 (short dash), and 55 (dash
daot). (B) Field strength for the rounded tp electrodes: B (solid), B2 (long
dashj, B3 (dash dot-dot). B4 (shon dash) and RS (dash dot). (C) Field strength
for the pointed pyramidal, rounded tip pyramidal and pargbolic electrodes: P1L
(solid). P2 (long dash) and P3 {dash doi—dot). The field strength of.E','] =V¥d=
(33.3 kV/m) iz marked by the horizontal dashed line.

For most electrode designs the field strength in the center
varies between 24 and 28 kV/m, 1e. 72-84% of Ej,. Only the
center field strength of the pin electrode 51 (22 kV/im, 66% of
E})) is noticeably below this value.

Connecting lines Diagonals
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Fig. 4. Field sccentricity as a function of the distance from the center for squared

electrodes (A), rounded tip electrodes (B) and pointed pyramidal. rounded tip
pyramidal and parabolic electrodes (C). For symbals see Fig. .

0,75 4
= 070
Z 65 - Lo "
£ n.e0 ¥ « y
E 0.55 ! ¥
sasnq s
£ 045 1
ghasy 4
£ 14l

81 82 53 54 85 R R2RI R4 RIPI P2 P
Electrode design

Fig. 5. Tomque correction factor ~ in dependence of the electrode design.
Squamd electrodes: 51-55 (). Rounded tip electrodes RI-RS (#). Pointed
pyramidal. rounded tip pyramidal and parabolic electrodes: P1, P2 and P23 ().

For all shapes the field eccentricity increases with the dis-
tance from the center (Fig. 4). It varies from O (circular ficld) at
the center to about 1 {almost linear AC-field) at the distances
of 150 and 210 pm along the connecting and diagonal line.
respectively. Nevertheless, especially amongst the rounded-tip
electrode designs the eccentricity does not alter significantly.

3.2, Torgue correction factors

Tocharacterize the circular center field for various designs the
torque correction factor r* was plotted (Fig. 5). Within the three
classes of electrode shapes (5, K and P) r* increases clearly with
electrode width {see also Table 1 and Fig. 2). In the sequence
of the square electrodes (5) r approaches a plateau at about 0.7
that is not matched by any other design.

The torque deviation inside the measuring volume of the
chamber is the most important characteristics for the usability

Diagonals

Connecting lines
15 A

-15
30
45

0_
-1% 4
=30 A
45

Deviation of torque (%)

U —~
-15
-30 4
45 4

R
30 60 90 120150180 0 30 60 %0 1200050 180 210
Distance from the center (pm)
Fig. 6. Deviation of torque along connecting lines and diagonals as a function of
distance from the center. {A) aquared electrodes, (B) rounded tip electrodes. (C)

pointed pyramidal. rounded tip pyramidal and parabolic electrodes. For symbaols
see Fig. 3.



Appendix A

68

K Maswiwar ef al. / Electrochimica Acta 51 (2006) 521 5-5220 5219

Table 2
Tomue comection factor * and distance from the center for a torque deviation
of 10% (8196 ) fordifferent electrode designs

Designs r 5 e { purn)
Connecting lines Diagonals

51 04 @5 a4
52 060 104 a8
53 068 79 114
54 070 75 171
55 070 75 167
Rl 0.59 103 9

2 062 @1 100
R2 063 88 104
R4 065 &3 114
RS 066 82 119
Pl 0.50 147 @9
P2 0.59 103 a5
P3 064 &6 110

of a rotation chamber. For a chip chamber the area with compa-
rable torques limits the useable area or the size of larger cells.
For comparison purposes we allowed for torque deviations of
up to 10%, resulting in the specific radius distance §yge. In all
cases 5o was at least 75 wm (Fig. 6 and Table 2).

A summary of the electrode properties is given in Table 2. At
first sight, r~ as well as §)og are similar amongst the rounded tip,
rounded tip pyramidal and parabolic electrode designs whereas
squared electrodes and pointed pyramidal show higher differ-
ences in 8o along the connecting and diagonal lines. Although
8o along the diagonals for squared electrodes is very high we
found these electrodes less appropriate since the low 5jgg along
the connecting line is limiting the useable chip area. Addition-
ally, square electrodes generate extremnely high field strengths
at their sharp edges. This may lead to particle collection at the
edges due to dielectrophoretic effects. Amongst all electrodes
amaximum area of constant torque is found for the design P2.
In this design Syog i.e. the radivs of the usable area is at least
95 pm.

4. Conclusion

Owur study demonstrates that numerical simulations of static
electric fields combined with a simple analytical post-processing
vields valuable information on the fidelity of rotating fields in
electrorotation chip chambers. Torque correction factors pro-
vide a basis for characterizing and comparing various electrode
shapes. They are vital for the interpretation of experimental
data. We found that the maximum torque in the center of four-
electrode rotation chambers will never excead 70% of the torque
N'n in between a single pair of equiplanar electrodes. Further-
more, we could estimate the torque deviations that would be
experienced by a spherical object at different radii from the cen-
ter of a chip. These deviations depend on the electrode design.
Amongst the various designs we favor a rounded tip pyramidal
electrode (see P2 in Table 2 and Fig. 2) that introduces a slight
improvement in comparison to our earlier design (R3 in Table 2
and Fig. 2: [11]). Nevertheless, there is a number of alternative

designs that have not been considered in this study. Therefore.
our approach might be a useful tool in the continuing search for
improved electrode designs. It can analogously applied to dif-
ferent electrode arrangements, e.g. 3, 6 or 8 electrode chambers.
These electrode arrangements may not only be applied in elec-
trorotation characterization chambers but also in micro-fluidic
or lab-on-chip devices.
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Appendix A. Torques acting on ohjects at different sites
of the measuring area

The time-averaged torque {W) in circular polarized fields is
given by the cross-product of the induced dipole moment (/)
and the conjugated field ( E*) [1.10]:

- 1 _ -
(N} = Eﬂft[m = £ (AL

In component notation, the elliptical AC field in the ¥y plane
can be written as (see Fig. 1A, Eqs. (2) and (3)):

Ey (a/rEp Emax
E=|E |=|Gb/nE | =] Enin {A.2)
E 0 0

z

Both, the x- and y-field components are sinusoidal with a 90°-
phase shift. This phase shift is denoted by j = +—T. With no
limitation in generality we assume that the magnitude field com-
ponent oriented in i-direction is larger than in }-dilection. For
the elliptic field distant from the center, factors a and & were
introduced leading to (see Eqs. (2) and (3)):

b
Enin = JEErnax (A3
and the conjugated fields:
. .
E‘rknin = _-vr;Ern:Lx (Ad)

The induced dipole moment # is proportional to the field. In
component notation M is given by [1]:

m = (my my miz)=(x Emax @Epin 0) {A5)

Mo z-component is induced. Introducing Eqs. (A.2) and { A.5)
for the elliptic field the torque (Eq. {A.1)) becomes:
- 1

Ny =

= Em(WEmuETnin _“EminEdr;axJ;f (AD)
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where k stands for the unit vector pointing in z-direction. Using
Eq. (A4) we obtain:

- ab - . ak .
Ny = (r—) E3R(— jerk = (r_ﬁ) EX3im)k (AT
Accordingly, the torque in the elliptic field is:
(V) = Enax Eminle)k (A8)

resulting in the well known expression for the torque in acircular
field (r=a=b):

() = B33k (A.9)
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Agstract: Electrorotation experiments are conducted in harmonic rotating fields to characterize the passive
electric properties of cells or particles by their frequency-dependent rotation speed. The torque of the objects
is proportional to the square of the field strength. Therefore, a rotating field of constant amplitude is desirable
overa lange area of the measuring chamber for reproducible measurements. In this study, the field distribution
i chip chambers was analyzed vsing numerical field siralation in combination with analytical post-processing,
The electric field distribution was compared for various electrode shapes. For the center, commection factors
conld be calenlated, relating the actual field strength to the quotient of electrode voltage and distance. Apart
from the center, the field was elliptically polarized with an eccentricity increasing with the distance from the
center. A spherical model object has been assumed ro derive a theoretical expression for the torque induced
by an elliptical field. This model allowed us to consider the torque deviation for each site with respect to the
torque induced by the circular center-field. Various electrode shapes have been checked for minimum
deviations of the torque. We found the optimal chip design for electroratation to feature electrodes with

round tips.

Kevrwoaos: rotating fields, four-electiode chambers, electrode design, torque, cell chip.

INTRODUCTION

Electrorotation is a commen technique to
characterize the dielectric properties of individual cells
in rotating electric fields . Cell properties can be
deduced [rom the microscopic observation of the
frequency dependence of the rotation speed induced
by arotatingelectric lield in the frequency range from
Hz to GHz. The torque leading to cell rotation is
generated by the interaction of the induced cellular
dipole moment with the inducing external field.
Mevertheless, only the out-of-phase component of the
dipole moment will contribute to the torque that is
given by the cross product of the dipole moment with
the external field. Mathematically, the out-of-phase
component of the induced dipole is identical to its
imaginary part that is different from zero only at field
frequencies where electric dispersions occur. It follows
that the method of electrorotation directly and
sensitively detectsdispersion processes, lile structural
{Maxwell-Wagner) and molecular{Debye) dispersions
22 Theline of arguments suggests that arotating electric
field polarizing a cell translates the temporal phase
shift of the induced dipole moment that would be
observed in a linear field into a spatial shift leading to

cell rotation.

In classical oscilloscopes, a beam rotation, i.e. a
Lissajous-circle, is generated by co-sinusoidal and
sinusoidal fields applied to two electrode pairs for the
x- and v- deflections. The - and y-electrode pairs are
consecutively arranged to aveid interference.
Consecutive electrodes cannot be applied in
electrorotation, where the field rotatesinthe electrode-
chip plane. In four-electrode electrorotation chips,
two electrode pairs simultaneously generate the two
field components. As aconsequence, interference has
to be talen into account. It is interesting that an
analagous problem exists in accelerators where the
particle beam is confined by electrostatic quadmipele
electrodes that are arranged around the beam-path.
Optimization of their design started with complex
shapes” and led to four rotational rods with their
symmetry axes oriented parallel to the path ® In the
central region of the electrodes the description may be
reduced to two dimensions, 1e. a plane oriented
perpendicular to the beam where the accelerator-
electrodes are mimicking the design of an
electroratation chip.

Inelectrorotation, four-electrode micro-chambers
are common. To generate rotatingfields, the electrodes
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are driven by four sinusoidal or square-wave signals
that are progressively phase-shifted by 90° * In the
frequency range used for cell characterization, the
electrode properties can be assumed to be linear, i.e.
no frequency components other than those applied at
the electrodes can evolve in the chamber. As a result,
only elliptically polarized fields can be generated. The
frequency spectrum of cell rotation at a frequency-
independent field strengths can be analyzed to obtain
dielectric properties of biological cells. For
electrotatation chambers the electrode shape is an
important design feature.

For a variety of electrode configurations the field
distribution was analyzed by computer simulations ™.
The torque is proportional to the square of the rotating
field strength “*'112 Gimsa et al. 7 and Hélzel *
introduced correction factors for the field strength in
chambers of dilferent electrode designs. Hughes et al. '*
considered the influence of the phase diflerence between
thexand y components of the electriclield on the torque.
The torque depends on the position withintheelectrode
chamber and the geometry of the electrodes *"1*,

In this study, we consider a sinusoidally rotating
electric field in a two-dimensional chip-model for
various electrode shapes using the finite element
program QuickField (Tera Analysis Ltd., Denmark).
The program is freely available under http.//
www.auicklield com/free him. Correction factors for
the varicus electrodes shapes were calculated for the
field strength and the torque experienced by the cells.
Based on these calculations, torques, acting on a
spherical abject at the center of chambers of different
electrode designs, have besn compared. For each
design, the deviations of the torques relative to the
distance from the center, have also been analyzed.

METHODS AND THEORY

A rotating electric field can be generated by two
pairs of opposing electrodes orientated perpendicular
to each other in the x-y plane. To generate a
monochromatic, circular Lield the two pairs must be
driven by co-sinuscidal and sinuscidal helds,
respectively. As a result, the center-field rotates at a
constant amplitude (field strength). Nevertheless, its
actual amplitude can not directly be derived. Firstly,
the amplitude depends on the electrode shapes.
Secondly, the field strength between a pair of electrodes
is also influenced by the other electrode pair of the
four-electrode setup. These effects result in a reduced
center field strength (E)) deviating from the field
strength calculated for a single pair of plane-parallel
electrodes (B = V/d > E ). We define the correction

ScienceAsia 33 (2007)

factor of the circular field in the center as:

E
TtE (1
Special cases for the chamber-field can be derived
from the temporal behavior of the co-sine- and sine-
functions: When one of the functions reaches its positive
or negative maximum, the ather is at zero amplitude.
Inthese cases, the center field will be aligned with lines
connecting (L) the tipsof opposing electrodes, i.e. the
center field vector will consecutively point at the tips
of the four electrodes during one cycle (compare to
Fig. 1A). The center lield will be aligned with the two
diagonal lines (L) passing in between the electrodes
when the absolute values of the lunctions are equal
(Fig. 1B). The arrow head of the field vectorwill describe
a perfect circle when its origin is located at the center
ol the [our-electrode chamber, [orreason of symmetry.
In and out of the center, the rotating field is changing
froma circular to an elliptical polarization, respectively.
Accordingly, the arrow heads of the field vectors will
describe ellipses. When the vector-origins are located
at the connecting or diagonal lines the crientations of
the semi-axes of these ellipses are known: the semi-
axes are aligned in parallel and perpendicular to the
connecting or diagonal lines. The eccentricity of the
elliptical field increases with the distance from the
Ccenler.

Todescribe the elliptical lields we used the [ollowing
simplified approach. The static electric field
distributions for two phase angles, 0° and 457, was
calculated by numerical simulation with QuickField
{Tera Analysis Ltd., Denmark) assuming a driving
potential of LOVpp atan electrode tip-to-tip distance
of 300 mm. The results were rescaled to 300 pm. At 07
the field strength was analyzed along the electrade tip-
connecting lines L. These lines are onientated parallel
(L, horizontal line inFig. 1A connecting the positive
and negative electrode) and perpendicular (L, vertical
line in Fig. 1A connecting the electrodes with zero
potential) to the field. The eccentricity of an elliptical
field can be derived from the maximum and minimum
fheld strengths E,_ and E_ . e. g. at the crossing points
of L jand L with the inner circle, respectively (Fig.
1A). Iva:e a 90 rotation of the chamber corresponds
to a 90" phase progression of the field bath values can
be extracted from a single caleulation. E__ and E_
determine the semi-axes of the ellipses described by
the circulating vector arrow head. The analogous
procedure wasapplied to determineE__and E__atthe
crossing points of the diagonal lines tor a phase angle
of 457 (Fig. 1B). E_, and E__have been derived from
values taken [rom the cross-points of the diagonal lines
Lyjand Ly, with the inner circle. As a result the field is
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fully characterized at 8 points of the inner circle (Fig.
1) At the inner circle the L - and L -crossing points
correspond to the shortest and the f-.‘mg:st distances
to the electrodes, respectively. Therefore, it can be
assumed that the E__and E__values of the elliptical
fields at all other points of the circle will be in between
the values at these points.

The relationship between an elliptical field and the
circular field in the center can be described by:

E,_ =-E, (2)
-

and
b

Enw =—E, (3)
r

where a and b stand for the correction factors of

0w

Fig 1. Sketch explaining the method of data acquisition for a
chip-chamberwith 200 pom electrode spacing, The long-
dashed line marks the inner electrode cirele with ara-
dius of 150 pm as the reference area (see text and Table
1. The circular field in the center is described by E .
The elliptical fields out of the center are described by
E_andE_ ExamplesforE_ and E__at 0°- (A) and

45 -phases (B) are given { please compare to Fig.2). Plot-

ted values were derived for a distance of 100 pm from

the center (short-dashed inner circle. A E__and E__

values were derived from the crossing points of the hori-

zontal (L and vertical electrode tip-connecting lines

(L} with the nmer circle ( note that || and L

refer to the line orientation with respect to the field). B:

E_ and E__values were derived from the crossing

points of diagonals L jand 1, , respectively.

the two components of the elliptical field.
Furthermore, the eccentricity {ecc) of the elliptical
field is calculated using the correction factors a and b:

ecc = f1 —(bva)? (4]

Analogous to the field correction factor r 1t is
reasonable to introduce a torque correction factor
that relates E to the torque {N_j in the center of the
chamber{fordetails see Appendix). Thus, the magnitude
of the torque (N} in the circular center field is
described by:

(M) = E} Im (a) (5)

where 1* stands for the torque correction factor
and Im (o) for the imaginary part of the polarizability
of aspherical cbjectwithTm (o) =£.6, VIm (CMF) e g ,
WV and CMF are external permittivity, volume and the
Clausius Mossotti factor, respectively.

Distant from the center we find the torque {_"[\]EHIP ;

E_E

max - min

{Ndllp:, = abE]’ Imia) = T (ex) (&)

with a torque correction factor of ab. Please note
thatin the center ab=r*for {M_, %= {N_}. The deviation

of { -Nunp' AN, referring to the center- -torque (M} is
given by:
Nelllp
ANy, = (N ) (7
-Cl

We analyzed the field properties of 12 different
electrode designs with squared and rounded tips by a
stepwise change of electrode width D and electrode tip
raclius R (Table 1). The spacing d between the opposing
electrode tips was kept constant at 300 pm.

ResuLts AND DisCussioN

Electric field distribution in the rotation chamber

The field distributions for 6 different electrode
designsare showninFig. 2. The field properties depend
very much on the location within the chamber and
electrode design. The hield vectors in the central regions
are generally homogeneous. From A to B Fig. 1
describes an anticlockwise rotation.

The electric field strength along the connecting
lines L andl | andalongthe diagonals L and L Jpis
plu:ur.r.ecl n Flg 3 (please note, that Figs. 4A and B are
zoom-plots of Figs. 3A and C). For any distance [rom
the center the two components of the elliptical field,
E_ . andE_  weredenvedalongthel andL lines. At
phase 0% values of E__ were found alonglinel . Values
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““ i

Fig 2. Distribution of the electric field strength in the x-y
plane of different electrode chambers (Table 1) driven
by 0°- and 45°- phase signals. A squared electrodes 51,
52 and 55. B rounded tip electrodes R2, B4and RT. The
arrows are vectors of the electric field strength. The
circular areas with orque deviations below 10% are
marked in gray. Their radii were detenmined from the
minima of the 5 -valaes along the connecting and
diagonal lines marked by an asterisk in Table 1.

of E__werefoundalongline L . At phase 45°,E__and
E,, values were found along lines L, and L
respectively

For all elecirode designs the lield strength in the
center varies between 24 and 28 EV/m, L.e. 73% - 54%
of E). Distant from the center, the performance of the
square- and round-tipped electrodes is qualitatively
different. There, the field strength for squared
electrodes s either below (at line L |} orabove {at line
L, the field strength of the round-tip electrodes. For
both shapes the field eccentricity increases with the
distance from thecenter. [t varies from O (circular field)
at the center to about 0.95 (extremely flattened ellipse)
at a distance of 120 um (Fig. 5). The increasing
eccentricity seems to be independent from the electrode
design. Only square-tipped electrodes (Fig. 5B) show
different eccentricities along the diagonal lines L.

dl?

Torque correction factors at the center and at sites
distant from the center

The field strengths at the center of various rotation
chambers are related to the torque correction factor
r* that is presented in relaton to the electrode

ScienceAsia 33 (2007)

Connecting lines Diagonals

- Al -._'AIL e
E [ e T il
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FRLEE
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- b
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i
= 2
1
¥ T T
AS0 0 -5 0 S0 100 IS0 200 0 0 I 20

Distance from the center (jm)

Fig 3. Field strength variation along the connecting lines L,

and L jand the two diagonals L, and L. A and B show
the electric field strength for the squ:lrec[ electrodes: 51
{dat), 52 (short dash), 53 (dash dot}, 54 (dash dot-dat),
and 55 (solid}. C and D show the electric field strength
ofthe of rounded tip electrodes: B (medivm dash), R2
(dot), B3 (long dash), R4 (short dash), B3 (dash dot),
R (dash dot-daot) and BT (solid). The straight-dashed
line marks the field srength of E =33 .2 kVim that would
be observed in between a pair of plane parallel
electrodes.

Electric field strength (kV/m)

-40 =20 0 20 40
Distance from the center (pm)

Fig 4. A: Zoom of Fig. 3A, B: zoom of Fig. 3. For symbols
see Fig, 3.
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Fig 3. The eccentricity of the electric field as a function of the

distance from the center for squared electrodes (4 and

B) and rounded tip electrodes (€ and D). For symbols
see Fig, 3.

characteristics DVd and Rid in Table 1. Forr* amaximum
in the range from 66% to 71% of N was found for
ratios of Dvd and R/d above 0.5. Above these atios *
remains fairly constant and a change inelectrode width
does not further aflect the center lield whereas 1*
decreases for ratios below 0.5, For the pin electrodes
(510 r*is smallest. Comparing the round- and square-
tipped electrades witha ratio above 0.5, the latter show
slightly higher values for 2.

An important criterion for the usability of an
electrorotation chamber is the torque deviation inside
the measuring volume of the chamber. Ina plane chip
this volume is confined to an area with comparable
torques. We defined circular areas by allowing for a
torque deviation up to 10% withrespect to the torque
in the center. Along the L_and L lines 5 -distances
were delined by the points with a torque-deviation of
10%. The radius of the experimentally usable area was

Connecting lines
A

= _L‘__:
Tig,

Diagonals

—_— b
= =

[T
{— I —
.

= &2

- "“'-_-?.; =
D Ry
ﬂ?_i
Ey

Deviation of torque (%)

=40

T T T T T T T T T T 1

0 20 40 o0 ®0 100 0 20 40 ob 80 100 120

Distance from the center (um)
Fig &, Distance dependence of the torque deviation along
connecting lines and diagomals. & and B: squared elec-

trodes. C and D rounded tip electrodes. Por symbols
see Fig, 3.

Takle 1. Designs of various electrode chambers. For all chambers the spacing d between the electrode tips was 200 pm.
Electrode characteristics Tvid and Réd (D, R and d stand for electrode width, electrode tip radivs and spacing between
electrodes, respectively), torque comrection factor ¥ and distance from the center at which the torque reaches a
deviation of 10% (5, ) along the connecting and diagonal lines. The last column presents the relative area with
respect to the inner electrode circle with a radins of 150 pm (see Fig.1) inside which the torque deviation is below
10%. The circular areas were determined from the minima of the 5 _-values along the connecting lines (L) and the

diagonals (L) marked by an asterisk (see Fig. 2).

Shape Designs Width D Radius R Dvd{squared electrodes) o 5 .. inpm % of
(gm} (pm)  Rid(rounded tip electrodes) I L, usable ara

51 10 . 0,03 0.5+ B4 764 25.67
52 150 - 0.5 .71 a0 5% 110 2880

Square 53 180 - 0.6 .70 TT* =120 26.35
=4 240 - 0.8 a9 B2+ =120 2988
55 300 . 1.0 07l 7T =120 26.69
El 150 75 0.25 .60 108 Q3 358 44
R2 180 ag 0.3 Al a9 Qg4 3927

Round R2 240 120 0.4 a3 ap* 100 34.41
B4 200 150 0.5 0.85  ©9e pee 431,58
RS 300 180 0.6 066 B3+ 104 32.11
RS 300 240 0.8 o.a5 a5+ 112 32.11
R7 300 200 1.0 .65 B4+ 115 31.36
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calculated from the minimum of the two 5, ~distances.
The results are given in Table 1 and displayed by the
grayish circles in Fig, 2. For all electrode designs the
mimmum of the 5 -distances was at least 75 pm (Fig,
6). With the exception of electrade design 51, 5
along the diagonal lines (Figs. 6B and D) was always
larger (90-100 um) than 5, alongthe connecting lmes
(around 80 pm, Figs. 64 and C). Furthermore, the
torque for the square-tipped electrodes shows an
undulating pattern (Fig. 6B) contrasting the obvious
decrease af torque of the round-tipped electrodes {Fig,
6D). Mevertheless, we believe that the undulations result
from the limited capacity of the software.

Photoresist spacer  Sample volume

‘ \.\;”_r] /’ ‘
v

Temperature Electrode Bond pads
SENsor

Fig 7. Scheme of our new glass electrorotation chips with
platinum electrades of design B4, The radins of the
electrode tipis 130 . The width of the electrode and
the spacing are 300 prm. Temperature sensors have been
processed from a platinum meander-strocture to follow
temperature changes in the chamber. A photoresist
structure forms the side walls limiting the sample
volume that is confined by a cover slip during
MEasUTeInents.

A summary of the electrode properties is given in
Table 1. At first sight, 1* as well as 5 are similar
amongst the round-tipped electrode designs, whereas
the square-tipped electrodes show higher differences
in 5 __ along the connecting and diagonals lines.
Although 5 alongthe diagonal lines for the square-
tipped electrades 1s very high, these electrodes are less
appropriate since the low 5 along the connecting
line is limiting the useable chip area. Additionally, the
square-tipped electrades generate extremely high field
strengths at their sharp edges. This may lead to particle
collection at the edges due to diglectrophorenc effects.
Amengst the round-tipped electrodes, amaximum area
of constant torque is found for the design B4. In this

Sciencedsia 33 (2007)

design 5, isabout 100 pmalong both the connecting
and diagonal lines. Therefore, out of 12 analyzed
electrode designs, R4 was chosen for use in the new
chip designs (Fig. 7, produced by GeSiM GmbH,
Grosserkmannsdorf, Germany).

CONCLUSION

Mumerical simulations with a freely available
software for electrostatic fields vields valuable
information on the quality of rotating fields in
electrorotation chip-chambers whencombined with a
simple analytical post-processing. The field strength
and torque correction factors introduced provide a
basis for comparing experimental results obtained with
chambers ol dilferent electrode designs. The maximum
field strength in the center of 4-electrode rotation
chambers never exceeds B5% of the field strength
generated by a single pair of equi-planar electrodes.
Furthermere, we could determine the site dependence
of the torques experienced by spherical objects within
the electrorotation-chips. These considerations
allowed usta specify the electrode-chips with the largest
areas of a torque deviation below 10% amongst all
considered designs. It has a round-tipped electrode
with R/d = 0.5. There are a number of alternative
electrode shapes that have not been considered in this
study such as pyramidal or hyperbelic shapes.
Furthermore, this approach can be a useful ool not
only for planar 4-electrode chambers but also for other
planar designs of central symmetry, like 3, 6, or &-
electrode chambers. Probably itcanalso be appliedin
3-dimensicnal designs like those used in micro-fluidic
lab-on-chip devices.
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APPENDIX

Torques acting on objects at different sites of the
measuring area

The time average torque in circularly polarized
fields,

l:ﬂj = ; Re[mx=E’] (AL}

is given by the cross-product of the induced dipole
moment (m ) and the conjugated field ( B 3 **. The
elliptical AC field in the x-y plane can be written in
component notation as (see Fig. 1, Eqs. (2) and (3)):

'E,| [ afr E ) [Epul
E=|E = j brE =|Eg, (A2)
\e) L o J Lo} ’

Both, the x- and y- field components are sinuscidal
witha 00°-phase shift,denoted byj =
the magnitude of the lield compenent oriented inj -
directionislarger thanin j-directionwithnolimitation
in generality. For the elliptic field apart from the center,

&7
factors a and b were introduced leading to:
. b
Emm =1- Em.u: (A3)
a
and the conjugated fields:
. b oL
Emm =-] ; Em:z (.44:'

(zee Eqs. (2)and (3)). The induced dipole moment
m is proportional to the field. Incomponent notation
mis given by =

m={ m, m, m,

, )= (0Fyy OF,, O

(A5)

Introducing Eqs. (A2) and (AS) the torque of Eq.
(AL} becomes:

{FJ)=§RE(¢EME:“,"

- G.Emm E:nat :Ik Uﬁlf\}'

where ke stands for the unit vector peinting in z-
direction. Introducing Eq. (A4) we get:
U D O e e
(N)=3Re |I|1|t-Em |L.—_];j|EM -E

r a.] W .
min | ]E]Emm ||k
' C AT)

Eq. (AT) can re-written as:

_ 1, (. (. by o (fay)):
[:N} = Elm|.\_1m"-.E;m |‘_;JJ+E;"" E‘J.J‘k

Introducing Eqs. (2} and (3) for E_ and E__ we
obtain:

(AB)

~ fab_, .
{N) = | = |EsRe(—ja)k (A0)
which can be simplified to:
_ (aby_, X )
(M) = | 33 [B miok (A10)
T

\,

A

Accordingly, the torque in an elliptical field is:

(N} = Eqp By Im () (A11)

MK —min

and reduces to:

A/ —1 We assume that

{:17\1} = Ei Im{a)k (A12)

in acircular field with r = a= h.
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Abstract

The induction of transmembrane potentials ( Ag) by an external field is the
basis of numerous applications in biotechnology, cell-technology and
medicine. We have developed new, simplified analytical equations that
avoid the complicated description by the depolarizing factors. The equations
apply to the Ag induced in cells resembling ellipscids of rotation. i.e.
spheroids by homogeneous dc or ac fields. They will be especially useful for
experimental scientists. The equations describe the dependence of the Ag
on the electric media properties, the field frequency and the axis ratio for
oblate and prolate spheroids for which the symmetry semiaxis (c) 18 shorter
and longer than the other two semiaxes (a and b, with a = b), respectively.
According to the Schwan equation, an electric field £ may induce a
maximum A¢ of 1.5a E at the poles of a spherical cell. For the poles of
spheroidal cells, the maxima can be easily described by Agp = {(a + 2c) E/2
and A¢ = ala + 2¢) E/(a + c) for fields oriented along and perpendicular to
the symmetry axis. respectively. For practically important shapes the error
in the magnitude of Ag¢ is smaller than 5% except along the c-axis for axis
ratios larger than 2. Nevertheless, the errors vanish for the three limiting

shapes of infinitely thin disc, sphere and cylinder.

1. Introduction

A huge body of literature exists on applications of the induced
transmembrane potential (Agh) in cell technology (Chang et al
1992, Neumann ¢f al 1989, Tsong 1991, Zimmermann ef al
2000). It is known that the application of fields inducing
a Ad¢ of the order of 1V may lead to a destabilization of
the membrane structure and subsequent membrane poration
(Chang et al 1992, Neumann et al 1989, Tsong 1991).
Nevertheless, a closer look at the phenomenon reveals that
itis not justified to refer to a critical Ag. It can be shown that
the “critical voltage’-phenomenon results from the strongly
nonlinear processes in pore formation (Glaser eral 1988). The
effect can be applied for cell hybridization in the production
of monoclonal antibodies, cell transfection and other cell
technology applications. More recent developments apply
electric membrane poration for electro-chemo and electro-
gene therapy (Gothelf et al 2003, Mir et af 1998, Neumann
et al 1998, Smith et al 2004). Lower electric fields applied to

cell suspensions or tissues may induce the Ag that can trigger
the firing of electrically active cells. such as neurons or heart
muscle cells.

In ac fields, the A¢h of spherical cells depends on
field frequency, electric media properties and size (Gimsa
and Wachner 1999, DeBruin and Krassowska 1999, Grosse
and Schwan 1992). Examples of a spherical shape are
vesicles, protoplasts, murine myeloma cells (Gimsa et al 1999,
Marszalek et al 1990), neurospora slime cells (Gimsa et al
1991) and some bacteria, e.g. Streptococcus (Batzing 2002,
Gunsalus and Stanier 1960).

For non-spherical cells shape and orientation also play
a role.  Many cells deviating from the spherical shape
exhibit arotational symmetry resembling spheroids. Spheroids
may have a symmetry axis that is shorter (oblate spheroids)
or longer (prolate spheroids) than their equatorial radius.
Shapes similar to oblate spheroids can be observed in
many mammalian red blood cells (Gimsa and Wachner
1998), whereas retina photoreceptor cells (Blanks 1989,

0022-2727/07/030914+10$30.00  © 2007 [OP Publishing Ltd  Printed in the UK 014
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Agh in spheroidal cells

Radu et al 2005), bacteria such as Bacillus subtilis, E. coli,
Pseudomonas (Batzing 2002, Gunsalus and Stanier 1960) and
yeasts such as Schizosaccharomycis pombe (Asencor et al
1993) are examples of the prolate shape.

As early as 1953, Fricke presented the (dc) steady state
Adgp induced at the poles of an oriented cell of a general
ellipsoidal shape with negligible membrane conductance, in
its most general form (Fricke (1953), see also Bernhardt and
Pauly (1973)):

Ady = ak,. (1)

1 —n,

where E,, a and n, stand for the field strength (in the
a-direction), the semiaxis oriented in the field direction
and the depolarizing factor along semiaxis a (appendix A),
respectively. Depending on the axis ratio of the ellipsoid m,
ranges from 0 to | (Stratton 1941, Stille 1944, Gimsa and
Wachner 1999). For a sphere of radius r with no preferred
orientation n, = np = n. = 1/3 and equation (1) reduces to
the well-known expression:

Ad=15rE. (2)

Several attempts have been made to introduce the specific
electric properties of the cell and external media. as well
as the surface conductance into the equation for spherical
{Grosse and Schwan 1992, DeBruin and Krassowska 1999) and
spheroidal cells {Bernhardt and Pauly 1973, Jerry et al 1996).
We were probably the first to derive analytical expressions for
both orientations of the symmetry axis of a spheroidal cell,
assuming a nonconductive membrane and a highly polarizable
cytoplasm (Gimsa and Wachner 1999, 2001a). Later, the
deviation was extended to arbitrarily oriented cells of the
ceneral ellipsoidal shape including all electrical parameters
{Gimsa and Wachner 2001b). Nevertheless, these derivations
are based on the depolarizing factors, which are given by quite
complex expressions as shown in appendix A.

In this work, we present simplified analytical equations
for the influential radii, i.e. the geometry-factors 1/{1 — ng)
(see equation (1)) that avoid the complicated description by
the full expressions for the depolarizing factors n; and n,
(appendix A). The equations apply for the Ag¢ induced in
oblate and prelate cells (or tissue bodies such as abscesses and
bruises) by homogeneous de or ac fields. In practice, there will
always be errors arising from the measurement of the geometric
cell parameters, as well as deviations of the cell shapes from an
idealized spheroidal shape. In any case, our approximations
will be superior than the assumption of a spherical shape with
a mean or effective radius and the experimental errors will be
larger than the discrepancies introduced by our simplifications.

2. Theory

2.1. The influential radius

Starting from a special finite element model, we introduced
the parameter ‘influential radius” for ellipsoidal objects (Gimsa
and Wachner 1999), The influential radius along each semiaxis
refers to a certain distance from the symmetry plane that
is oriented perpendicular to the semiaxis and located at the
centre of the object. The influential radius along semiaxis
a, apy defines the distance of that equipotential plane in

)
~\
pole
(4
a
L~
0y @inn

Figure 1. Sketch of the equipotential planes in the surroundings of a
cell or a vacuum-body and inside its homogeneou 5_‘Memwel]ian
equivalent body. The homogeneous external field £ is oriented
perpendicular to the symmetry axis ¢ of the prolate cell model. The
maximum potential at pole @ 1s given by gy = @ E. b, can be used
to calculate the constant local field E), inside the Maxwellian
equivalent body of the cell. B = ¢q/a.

the external medium that would just touch a body of non-
polarizable material (vacuum) of the same shape at the pole
of semiaxis @ (fgure 1). Thus, it defines the maximum
potential at the surface of an ellipsoidal body of a given axis
ratio.

The relative influential radius along semiaxis a, aipg /a is
solely dependent on the shape but not on the size of the object.
Along an axis the relative influential radius can be determined
from the depolarizing factor (appendix A). Along axis a it is
ziven by

i 1
a l—ng

(3)

The relative influential radii are identical to the maximum field
amplification factors (please compare with the factor of 1.5
for the spherical shape in equation (2)). Since the potential
at the centre plane can be assumed to be 0V, the maximum
potential at the pole oriented in the field direction is @ipp E. For
amembrane-covered object with a highly conductive core, this
potential will fully drop over the membrane.

2.2. The induced transmembrane potential

In the case of an arbitrarily oriented cell of the general
ellipsoidal shape the transmembrane potential at the membrane
point { Agy) is given by
"lqbad:r "ﬁ‘qbbd}' ‘ﬁd"cd:
= + + .
a b c

Ay 4)
where dy, dy and &; stand for the distance of the membrane
point to the three symmetry planes that are located at the centre
of the object and oriented perpendicular to their respective
semiaxes (for details see appendix B and Gimsa and Wachner
(2001b)). At the pole of semiaxis a (d, = a. d, =
d, = ) equation (4) reduces to equation (1). For an
external field of arbitrary orientation, the Ag¢-components
at the three poles a, & and ¢ are solely induced by the
respective field components (Ey, Ey, E;) along the semiaxes.
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Therefore, an arbitrarily oriented external field is described
by components that are parallel to the principal axes of the
ellipsoid.

The Agy, at the pole and the characteristic frequency f; .
along semiaxis a are given in the general form for an ac field
oriented in the direction of semiaxis a (Gimsa and Wachner
1998, 1999):

i E
&fﬁ'a: - Qinf _____
“ + I::'Sm(l,""f:’i + (Ging —a)_r'atre}]v-'l + fz_-"rfe‘,a
(3)
fea = ! ( el + ) (6)
ST MGy \ A0, + (Agn — )0 Bm |-

where E is given by (Ey. 0, 0) and f. feq. i and o, stand
for the external field frequency, the characteristic frequency
of membrane polarization along semiaxis a and the internal
and external conductivities, respectively. Cp, g and d stand
for the area specific membrane capacitance in Fm=2, the
area specific membrane conductance in S m™> and thickness
of membrane, respectively. The area specific membrane
capacitance and conductance in the equations can also be
expressed as Oy = spep/d and gy = o fd.

Capacitive bridging decreases the membrane impedance
at higher frequencies. The characteristic frequency of this
bridging is identical for the membrane polarization in the
poration and in the ac-electrokinetic techniques (Schwan
1983h). For example, it corresponds to the first characteristic
frequency, i.e. the ‘membrane peak’ in electrorotation (Gimsa
etal 1991).

At f. o the Agh is decreased by a factor of 1/4/2 or —3 dB.
Analogous expressions for equations (5) and (6) hold along
the other two axes. After introduction of equation (6) into
equation (5) for the three semiaxes, the latter equations can
be introduced into equation (4) to obtain a solution for the
general case of a single-shell object of the general ellipsoidal
shape. This shape represents the most complex geometry
of a closed surface of the second degree for which closed
solutions of the Laplace equations can be found (Gimsa and
Wachner 2001b).

2.3. Simplifications for spheroidal cells

2.3.1. Shape of the cell model. In the following we will
restrict our considerations to the simplified case of spheroidal
cells (@ = b). Spheroidal models are oblate and prolate when
their symmetry axis is shorter (c < a = b, figure 2(A))
and longer (c = a = b, figure 2(C)) than the semiaxes
a and b, respectively. For simplicity, we fixed a and b to
typical cell values of 3.5 jum, varying ¢ between 0.035 pum (axis
ratio 1:100) and 350 wm (axis ratio 100: 1). Figure 2 gives
sketches of cells of different shapes with m, i and e denoting
the membrane, cytoplasm and external medium, respectively.
Pleaze note that a non-uniform membrane thickness cannot be
avoided in the confocal ellipsoidal coordinate system. Gimsa
and Wachner (1999) as well as Sekine et al (2002) discussed the
importance of a correct membrane thickness along the semiaxis
in the field direction. In our model, the same membrane
thickness is assumed at each pole oriented in the field
direction or the directions of the considered field components.
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Figure 2. The sketch of spheroidal single-shell models of oblate
(A), spherical (B), and prolate (C) shape with the same semiaxes

a = b, where d is the membrane thickness (see text) and 1, m and e
denote the cytoplasm, membrane and external medium, respectively.
Fields oriented parallel and perpendicular with respect to the
symmetry axis will be considered. The general field orientation is a
superposition of such field components (see equation (4) and
appendix B).

Accordingly, separate consideration of the field components
along each semiaxis leads to a very small remaining error.
In other words, a spheroidal biological cell is represented by
two different spheroidal models with different non-uniform
membranes that ensure a correct membrane thickness along
either semiaxis @ (and &) or c.

2.3.2.  Approximating the axis ratio dependence of the
influential  radius.  For spheroids the plot of apna/a
(equation (3) using the depolarizing factor n, given in
appendix A) over the logarithm of the axis ratio exhibits a
sigmoidal shape (figure 3(A)). The limiting values for an
infinitely thin disc and an infinitely long cylinder are 1 and
2, respectively. This behaviour can be approximated by
(Warnke 2003)
Aing a+2c 1

=2—-— 7
l+cfa ")

a  a+c

The sum of the depolarizing factors (#, +np+n.) along the three
principal axes of a general ellipseid is always unity (Stratton
1941, Stille 1944). It follows that @ /@ing + b,/ Bing + €,/ Cing = 2
(Gimsa 2001). Therefore, for spheroids along the symmetry
axis ¢

Cipg @+ 2¢ 1

c 2 * 2cja’ ()
Equations (7) and (8) can be introduced into equation (4) as
well as into equations (5) and (6) as the most general case for
spheroidal cells. The new expressions for @ipa and c¢ipa given
in equations (7) and (8) avoid the complicated depolarizing
factors for spheroidal cells.

2.3.3. Simplification for zero membrane conductance. Ina
first consideration we will restrict ourselves to spheroidal
cells with zero membrane conductance. Along semiaxis a
equation (5) yields

@i E
! 2y 2 ’
\..']+f J"f.:.a

Analogous expressions hold along semiaxes b and c.
Introducing equations (7) and (8) for a;; and cg into

Ay = (9
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Figure 3. Relative influential radius and the maximum Adh as
functions of the axis ratio. (A) Relative influential radius of
sphercids. (8) The maximum Agr for a spheroidal cell. (C)
Theoretical error of the maximum A derived from the difference in
the full model {equation (1) combined with equations (A.1), and
(A.2) and the simplified model (equation (1) combined with
equations (7) and (8)). Solid and dashed lines refer to the a- and
c-semiaxis, respectively. The dotted lines show results of our
simplified equations. Two cell orientations are considered. Negative
logarithmic values of the axis ratio denote an oblate, while positive
values a prolate shape. Please note that semiaxis ¢ is of the order of
the membrane thickness for the axis ratio of 1072, gua/c and A at
the pole ¢ approach infinity for low axis ratios or an infinitely long
c-axis, respectively. For consequences please see section 3.3,

equation (9) yields the following expressions for A¢ along
the semiaxes a and c:

.

Ay = —2r200F (10)
(a+c) V-"l + 2,

Ag, = (a+2c)E (1)

. r2r72
21+ 7212,

Dropping the gg-term also from equation (6) yields simplified
expressions for the characteristic frequencies along the
semiaxes @ and ¢. For f, ; and f, . we obtain

1
- 2maCp(ljei+cfla+clog)

fea

and
1

- - . (13)
2meCp (1 /oy +a/2ce,)

f.:..: =
For a spherical cell of radius r witha = b = ¢ = r
equations (12) and (13) become equal to the well-known
expression for the characteristic frequency of spherical cells
(Marszalek et al 1990, Schwan 1983a, 1983b, Zimmermann
and Meil 1996). Interesting simplifications of Ag¢ are also
possible for the limiting shapes, thin disc (¢ < a) and long
cylinder (¢ = a). In these cases one of the axes can be
neglected. For the disc shape, A¢ in equations (10) and (11)
can be simplified to

akE
VI+@2nfCnajo)?
aE

AT o
21 +(wfCrpafog)?

Adhg (1)

A = (15)
Equation (15) exhibits a relatively large error (figure 3). An
additional effect will arise for small axes ratios. The thickness
of the considered object will in this case be of the order
of the membrane thickness. For very thin disc shapes, the
whole oblate object will become capacitively bridged and
the simplified description may become better than the full
model as could be shown from numerical considerations. A
detailed analysis of this effect is still open. Nevertheless, it
may be important for thin cellular protrusions such as axons,
nanotubes, the nuclear membrane and the Golgi-apparatus.
For the cylindrical shape, Adg yields

2aE

W1+ (2 f Cra(ljoi + 1fo))?

Ag, = (16)

m ek (17)
1+ (27 f Crefo)?
234, Simplification for the maximum A at de or low
frequencies.  A¢ is at maximum in the dc fields and at
frequencies below the capacitive membrane bridging. The
effective polarizibility of the cell is comparable to that of
a “vacuum body’ (figure 1). The reason is the insulating
membrane of cells. The membrane conductivity was assumed
to be much lower than the internal and external conductivities
(o <& e, O) in the model. For a field oriented in the
a-direction, the maximum potential at the pole is (see figure 1)

qb‘,:ai,.,ﬂE. (18]

An analogous expression holds along semiaxis ¢. For fields
oriented perpendicular to and parallel to the symmetry axis ¢,
these conditions allow for finding the maximum Adg at the
poles of the cell.

Using equations {7) and (8), aipg and cjpp can be rewritten
as equations for the Ag¢-maxima:

3
,a.fp‘,:(‘”“c)ag.
a+c
a+2c
A, = E.
#=(*5)

Equations (19) and (20) hold for the oblate. spherical and
prolate shapes.

(19)

(20)

017
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Table 1. Parameters for model calculations (Gimsa and Wachner
1999).

Parameters

Value

Symmetry axis (c)

0035350 pm

Equatorial radius (a) 3.5 um
Membrane thickness (d)  Snm
Conductivity
Internal {o;) 0.538m™
External (r7,) 0.128m™
Membrane () 107§ m™"
Area specific membrane  1258m™2
conductance (g, )
Relative permittivity of  9.04
membrane (&, )
Area specific membrane  0.01 Fm™

capacitance (Cy )
External field
strength ( E)

100KV m™

3. Results and discussion

3.1 Cell parameters

In the following considerations we will assume electric cell
parameters comparable to those of human red blood cells
(table 1).

3.2, The dependence of the maximum A on the cell
orientation and shape

To compare the full model (equation (18), using the
depolarizing factors from appendix A) to equations (19) and
(20) we plotted the relative influential radii (@inp /@ and Cipa,/c)
(figure 3({A)) and the Ag¢-maxima at the poles of spheroidal
cells (figure 3(B)) as functions of the axis ratio. The cell
parameters used in figure 3(B) are given in table 1. Two
cases were considered, field orientation perpendicular to and
along the symmetry axes. Generally, A¢ at a pole oriented in
the field direction increases with an increase in the length of
the oriented semiaxis. Obviously, the increase in the length
overcompensates the decrease in the relative influential radius.
The error in Ady, for a field oriented perpendicular to the
symmetry axis is always smaller than 5% (figure 3(C)). This
also applies to Agh of the prolate shape and the parallel
orientation. A larger error may occur for the oblate case.
Nevertheless, for axis ratios below 2, the error is always
below 5%. The error arising from the simplified description
of the depolarizing factor vanishes again for discs that are
unrealistically flat for biological objects.

3.3, Limiting shapes

With our new equations it is simple to consider otherwise
complex relations that may be interesting for extreme shapes
such as thin-oblate or needle-shaped objects that may appear
in colloidal suspensions. For a thin disc (¢ < a), aim/a
approaches unity and cjpq /¢ infinity (figure 3{A)). In this case,
Agh in equations (19) and (20) can be simplified to (see also
figure 3(B))

Ag, =akE, (21)

A, = aE/[2. (22)
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Figure 4. A¢ and the corresponding f as a function of the field
frequency. (A) and (B) oblate shapes: (C) and (D) prolate shapes.
Field orientation 1s in the a- (4) and () or the c-direction (B) and
(D). The full model (equation (5) for g, = 0S m~2 or equation (9)
using the depolarizing factors of equations (A.1) and (A.2)) 1s
compared with the simplified equations (10) and (11) (doted lines).
Solid and dashed lines refer to the @- and c-semiaxis, respectively.

Equation (22) cannot be easily derived from the full model
(equation (1)) with depolarizing factors because in this model
semiaxis ¢ approaches zero whereas cipg /¢ approaches infinity
(equation (1)). For an extreme prolate shape (¢ 3> a) the
geometry approaches a cylinder; a;p/a and ¢ /c become 2
and 1, respectively (figure 3(A); see also Gimsa and Wachner
(1999)).  Ag. approaches infinity for an infinitely long
semiaxis ¢ (figure 3(B)). In this case, equations {19) and (20)
yield (compare with equations (16) and (17) for f = 0Hz: see
also figure 3(B))

Adpy, = 2aE, (23)

Ag, = cE. (24)

34, Frequency dependence of the Ad

Figure 4 shows the frequency dependence of the Adg-
amplitudes at the poles {Ag, and Adg,) for two orientations
of the spheroid. In the figure equations (10) and (11) are
compared with the full model (equation (5) for g, = 0Sm™2,
i.e. equation (9)) using the model parameters from table 1.
Starting from a spherical cell (1:1) axes ratios of 1:2 and
1:3.5 for the oblate as well as 2:1 and 5:1 for the prolate
shapes are considered. For these axes ratios biological
examples can be found: human red blood cells exhibit an oblate
shape (axis ratio about 1:3.5; for experimental results see
Gimsa and Wachner (1998)). Axes ratios of 2:1 and 5:1
can be found in plated Chinese hamster ovary cells and bacilli,
respectively (for experimental results see Valic et al (2003)).
For the oblate shape, the low frequency plateaus of Ad,
were higher than those for Ag¢.. For both orientations Ag
is decreased with respect to the spherical shape (figures 4(A)
and (B)). For the prolate shape, the plateau values of Ag, are
larger than for the spherical shape but still lower than for Adg.
(figures 4(C) and (D)): also please compare with the Ad-values
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in figure 3(B) for the dc fields). Ag approaches zero at high
frequencies in the MHz—GHz range. The reason is the constant
conductivity contributions of the external and internal bulk
media and an impedance of the membrane capacitance that
steadily decreases with frequency, i.e. capacitive membrane
bridging. In a model where the permittivities of the bulk were
not neglected A¢ would reach a high frequency plateau (Gimsa
and Wachner 2001b). The characteristic frequencies f; ; and
fe, - are presented by a perpendicular drop-line from that point
of the A¢-curve where the initial A¢-magnitude are decreased
by —3dB.

For spherical cells the new equations are exact (no dotted
lines). For deviating shapes the errors of Ad, and A, are
smaller than 5% and 10%, respectively. In any case the error
of Adhy, is smaller than for Ad..

3.5, Dependence of fo on cell properties

Figure 5 presents the f. dependence on the axes ratio along
the semiaxes a and ¢ for various electric cell parameters.
In the figure results from the full model (equation (6) with
depolarizing factors) are compared with the model with a
simplified description of the influential radii {equations (7) and
(&)). For the iteration of one parameter (o, oo, g and Cp, ) the
other parameters were kept at their standard values (table 1).
The semiaxes @ and b were kept constant at @ = b = 3.5 pm.
Generally, f. is increased for increased conductivities (o, o,
gm) and a decreased capacitance (Cy) (Gimsa et al 1991).
As can be seen from the figures, this may result in largely
parallel f,-functions. In some cases the functions converge or
diverge for extreme axis ratios. In these cases, the influence
of the considered parameter &, o 0Or g vanishes or increases.
This effect can be explained by the model geometry: for
extremely oblate and prolate shapes the internal and external
conductivity contributions in the model (conductance) increase
such that contributions of the conductivity (conductance) at
the other side of the membrane take over completely. The
internal conductance is determined by o and the semiaxis
length. Analogously the external conductance is determined
by ¢, and the difference in the influential radius and
semiaxis (for details of the geometry please see Gimsa and
Wachner (1999, 2001hj).

Examples for convergence are the dependence of the
characteristic frequency on ¢ for thin oblates in the c-
direction (figure 5(4)), the dependence on o, for thin oblates
in the a-direction (figure 5(B)) and the dependence on ¢, for
long prolates in the c-direction (figure 5(8)). In the case of
divergence the parameter influence increases for extreme axis
ratios, such as that of gy for long prolates in the c-direction
(figure 5(C)). Consequently, the influence of an increased
gm on f, will be clearest for prolate cells when the field is
parallel to semiaxis ¢. Nevertheless, in the g-direction the
curves converge for thin oblates (figure 5(C)). At the opposite
axis ratio the curves become parallel. Parallel curves may
possess a slope (e.g. Cy, in the c-direction for long prolates) or
even reach constant levels (e.g. Cp, in the a-direction for long
prolates).

Interesting cases for f, are the limiting shapes of disc and
cylinder, respectively. For the disc shape, equation (6) can be
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Figure 5. f, given by the full model and the simplified equations
{dotted lines) as functions of the axis ratio for different cell
properties (for standard parameters please see table 1). (4) Internal
conductivity variation: o, = 0.55m™" and oy = 0.055m™". (B)
External conductivity variation: o = 0.125 m~" and

o = 0.0128m™". () Membrane conductance variation:

Zm1 = 50008 m~? and gy = 1258 m™2. (D) Area specific
membrane capacitance variation: Cy,y = 0.01 Fm™ and

Cra = 0.005Fm™=2. Solid and dashed lines refer to the a- and
c-semiaxis, respectively.

simplified to

1 ¢ O ng

Jea = mCn (a +8m) s (25)
1 20 \

e = . 26

fee 3rC.. ( " +gm) (26)

Thus, f.q depends on ¢; and semiaxis a (equation (25).
figures 5(A4) and (B)), whereas the influence of e, is vanishing.
In contrast, f, . depends on o, and semiaxis a (equation (26),
figure 5(B)). For the cylinder shape equation (6) can be
simplified to

foa= ot ( :

T 2nC, \ajo; +ajo,

+3rn) . (27)

1 o1\ .
Jee = 22Ca (7 +em)- (28)

MNow f. . depends on o, and o and semiaxis @ (equation (27),
figures 5(A) and (B)). Both conductivities o, and ¢ influence
fe.o inthe same way, as can be expected for a relative influential
radius of 2. In this case both the internal and external media
elements span the same distance. In contrast, f.. depends
only on o and semiaxis ¢ (equation (28), figure 5(A)).

fe errors can be calculated from equation (6) using the
actual influential radii and our simplified equations (7) and (8).
Accordingly there iz no error for spherical cells. The errors of
fe.o are generally smaller than for f .. For axis ratios below
2, the errors for f o and f. . are always below 10% and 15%.
respectively. Moreover, the errors also depend on the electric
cell parameters. Whereas their dependence on o and o, is
noticeable, they are largely independent of gy, and Cy, for our
cell geometry.
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Figure 6. The maximum As as a function of the axis ratio for a cell
model with constant membrane surface (A) and constant cell volume
(B). Solid and dashed lines refer to the @- and c-semiaxis.
respectively. The dotted lines show results of our simplified
equations.

3.0, Axis ratio dependence of Ad and [ for cells of constant
surface or volume

In biotechnology or basic research applications, electrically
polarized cells may undergo deformations induced by
mechanical and osmotic load, drug-induced shape changes
or cell differentiation. Idealized assumptions are a constant
membrane surface area (A: Parker and Winlove 1999) and
cell volume (V; Bryant and Wolfe 1987, Hoffman 1987,
Takashima er al 1985), respectively.  Accordingly, the
following conditions must hold during the deformation:

1. for the membrane surface area, A (Tee 2004):

2 7 3
c . a* —c
=2mala+ — arcsinh
NV —"
forc=a
Al =dma? forec=a
ct . afct —a?
=2mala+ = arcsin
2 — a2
forc=a
= const, (29
2. for the cell volume, V:
4
V = —ma*c = const. (30)

3

We assumed the electric cell parameters of human red blood
cells (table 1) to consider the shape dependence of the
maximum Adr (equation (5)) and f, (equation (6)) for a
constant surface area or cell volume. Figures 6(A) and (B)
show the shape dependence of the maximum Ag for these two
conditions. Starting from the same spherical geometry, the
de-maxima of Ag, and Agh. of oblate and prolate cells with
a constant surface area are always smaller than for cells with
a constant volume. This relation is correctly reflected by our
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Figure 7. fo for constant membrane surface (A) and constant cell
volume (B) as a function of the axis ratio. Solid and dashed lines
refer to the - and c-semiaxis, respectively. The dotted lines show
the results of our simplified equations. Please note that a
logarithmic scaling is generally used in frequency plots (compare
with figures 4 and 5).

equations. The assumption of a membrane conductance of
gn =08 m™? has a negligible influence on the magnitudes of
Adghg and Agh,. The error-curves (dotted lines) of the equations
in figure 6are not given. They are identical to figure 3(C) since
the relative error of equations (19) and (20) does not depend
on the object size.

Figures 7(A) and (B) show the results for the characteristic
frequencies. In both cases, a constant surface area or cell
volume, the errors (dotted lines) of f; 5 are generally smaller
than for f, .. For axis ratios below 2, the errors of f. 4 and f .
are always smaller than 5% and 10%, respectively. Errors
larger than 10% are only found for axis ratios above 5:1.
Please note that frequency dependences in biological systems
are usually of the Lorentz-type. When plotted on a log-scale,
even a 20% error presents a relatively small deviation in the
characteristic frequency (compare with figure 4).

4. Conclusions

We derived simplified equations for the A¢ induced at the
poles of spheroidal cells as well as for the characteristic
frequency of membrane polarization, f.. For comparison,
two orientations of the symmetry axis were considered, these
being along and perpendicular to the field. Our equations
can be considered generalized Schwan equations, describing
the A¢ dependence on the size and axis ratio for spheroidal
cells.  We found that for oriented cells the A¢ increase
caused by an increase in the length of the axis pointing in the
field direction always overcompensates the reduction in the
associated relative influential radius. For cells deforming at a
constant volume, the Ag is always larger (or equal—in the case
of spherical cells) than for cells with a constant surface area.
The error of the simplified equations (compared with the full
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equations) is a function of the cell shape, size and orientation.
The error also depends on the electric cell properties such as
O, U, but not on gg and Cy,. For an axis ratio below 2, errors
in the magnitude of A¢ and f. are generally smaller than 109
and 15%, respectively. The precision of the equations can be
drastically improved by a correcting exponent for the axis ratio
(appendix D). Even though our equations are very simple they
provide better results than other methods of approximation,
e.g. by averaging axes lengths ((a + ¢)/2 = r) for applying
the standard Schwan equation (A¢ = 1.5rE). The new
equations can be combined with the angle dependence given
in equation (4) to describe A at arbitrary membrane points
for oriented cells (appendix B: see also Gimsa and Wachner
(2001, Of course, our approach can also be used to derive
simplified equations for the ac-electrokinetic behaviour of cells
(Gimsa and Wachner 1999, Gimsa 2001, Radu et al 2005,
Zimmermann ef al 2000).
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Appendix A

Al The depolarizing factors of spheroids

Spheroids are ellipsoids with two equal semiaxes (a = b) and
symmetry axis ¢. Their depolarizing factors n can be presented
in an analytical form. For the oblate case (@ > ¢) n along
semiaxis a is given by

0 — 1 1 ]+t‘2{ ‘
=3 - € —arctane)
: a2
with e = ,1’,.(?) 1, (A1)
and for the prolate case (a < c):
1 1—¢ l+e
na=§{l— 283 (]ﬂ]—e_ze”
{ anl
" — 1= 9
with ¢ = 1#'1 (.:) . (A.2)

For spheres n, = 1/3. Equations (A.1) and (A.2) contain the
eccentricity e (Gimsa and Wachner 1999, Gimsa 2001, Stratton
1941, Stille 1944).

Appendix B

B.1. The general orientation of spheroidal cells

In the case of the general orientation, the constant local (Emc)
and cytoplasmic fields ( E;)yare not usually aligned to a semiaxis
or to each other. Accordingly, their 0V symmetry planes are
tilted in a different way around the centre point of the spheroid.
The principal semiaxes a, b and ¢ are used to determine an
orthonormal coordinate system, x, y and g (figure B1).

Figure B1. The sketch of a prolate spheroidal cell. The principal
semiaxes @ = b and ¢ define the orthonormal coordinate system, x,
¥. 2. Plx, ¥, 2) is a membrane surface point of the cell, defined by

angles e and A. The external electric field E has an arbitrary
orientation, determined by the angles p and 4.

The homogeneous external field E is oriented arbitrarily
within this coordinate system with the orientation being
determined by the angles y and &

E, ‘cos ¥ cos k)
E=|E|=
E. siny

cos y sind |§'|. (B.1)

The local vector P of the membrane point under consideration
is determined by the angles & and 8

P, cos@ cos 5
P | =
P, sin e

cosasing | | P). (B.2)

For a given membrane point P, P, and P; of the spheroid, the
following equation holds:

PR B

a? a2

=1. (B.3)

The combinationof equations (B.2) and (B .3) leads to a general
expression for the local vector of the membrane point:

cosa cos 8
- ) ac
P=|cosasinf | ——— (B4)
; /2 cos? 2 gin2
sina W o2 cos? o + atsin” o

The transmembrane potential induced at any membrane point
(Agy) can be caleulated by (Gimsa and Wachner 2001b)

*'ﬁ@'p: {Eloc_EiJﬁ- (Bﬁ]
where E,.stands for the field inside the Maxwellian equivalent
body (figure 1) whereas Ej is the internal. cytoplasmic field.

For example, at the pole of semiaxis @ equation (B.5) can
be simplified to A¢, = a(E\. — E;) = aE — akE; for

921
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a non-polarizable body.
given by

The final expression of Ady, is

Adyp
dinA E”"-G
. . | P a——
[] + agm“;"’ai"'{ainﬁ - ﬂ];"ﬂcrej)v-' 1+f2;"’fc2.a
ain Ey/a

(I+agn(1/ov+(am — a)/ace)) 1+ f2/ 2,

@i E; /€

(1 +cgm (/o + (cinn — ) feae)) /1 + [7/ foa
(B.6)
where the characteristic frequencies of membrane polarization

Jeq-and f, . are given by equation (6). The distances dof a
ziven surface point to the three symmetry planes are given by

dx = |ﬁr|-
dy =|P,|, (B.7)
d; = |P|.

Introducing equation (B.7) into equation (B.6) leads to a
simple description of the maximum of the induced Ady, (please
compare with equation (4)):

@inf E;r dx @inf E}'d_v Cinfl E..'.dz
+ + -

Agp = (B.8)

a a c

Appendix C
C.1. Special simplifications

Ag¢ of spheroidal cells at low frequencies for o; 5 .. In
the case of low frequencies or de fields, the frequency-term
in equation (5) will be omitted. Equation (5) can be further
simplified assuming ¢; 3 0. Introducing equations (7) and
(8) for @, and c;,q. respectively, into equation (5), A can be
rewritten along semiaxes a and c:

{a+2c)ar, E

Ad, = (C.1)

(a+c)o, +acgp ’

_ (a+ 20)e E

. (C.2)
2erg +dgm

Adse
Equations (C.1) and (C.2) do not apply for the limiting shapes,
thin disc and long cylinder. For a single-shell sphere of radius
r both equations converge to

L5rE

=—Q7 (C.3)
1+0.5rgm0,

Ag

The characteristic membrane freguencies for zero membrane
conductance and o; S o,. Equations (12) and (13) can be
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Figure D1. Comparison of the full model and the simplified model
with improved precision. (A) Relative influential radius calculated
according to equation (3) (appendix A) and equations (D.1) and
(D.2). (B) Maximum of Ad. (C) Theoretical error of equations
(D.1) and (D.2) (compare with figure 3). Solid and dashed lines
refer to the a- and c-semiaxis, respectively. The dotted lines show
results of equations (D.1) and (D.Z).

further simplified assuming zero membrane conductance and

0 2 Ugl
foam e (1 ]) (€4
T mCp \a ¢ -’
a
= C.5)
fee maly (

Please note that these simplifications are not generally possible.
Equations (C.4)and (C.5) do not apply for either of the limiting
shapes, “thin oblate’ (disc) and ‘long prolate’ (cylinder). Both
equations converge to f, = o,/(mrCy), for a single shell
sphere of radius r.

Appendix D

D.1. Improving the precision of the simplified equations

Despite the satisfactory precision of our simplified equations
for experimental purposes it may be desirable to improve the
precizsion without taking into account the full expressions of the
depolarizing factors. As can be seen from figure 3(A) a slight
compression of the abscissa will improve the approximation
of the full equation by our simplified equation. A compression
can be achieved by an exponent for the abscissa variable (c/a)
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slightly larger than 1. Equations (7) and () will get the form

L S ®.1)
a 1+ (rj'a)""
; 1
Cinf =1+—-: (DE]
c 2cfa)y

The exponent & was obtained by fitting equations (D.1) and
(D.2) to the equation (3) including equations (A.1) and (A.2).
By separate fitting of the oblate and prolate shapes and in
the @ and c-directions, four w-values were obtained: 1.1
(oblate, a-direction), 1.33 (prolate, a-direction), 1.06 {oblate,
c-direction) and 1.29 (oblate, c-direction). The fitted curves
are also given in figure D1. Naturally, the precision can further
be improved by fitting & to a smaller range of the axis ratio
according to the experimental requirements.
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Abstract

The transmembrane potential (A¢) induced by external electric fields is important both in
biotech applications and in new medical therapies. We analyzed the effects of AC field
frequency and cell orientation for cells of a general ellipsoidal shape. Simplified
equations were derived for the membrane surface points where the maximum Ag¢ is
induced. The theoretical results were confirmed in experiments with three-axial chicken
red blood cells (a: b: ¢=6.66pum: 4.17um: 1.43um). Propidium iodide (PI) staining and
cell lysis were detected after an AC electropermeabilization (EP) pulse. The critical field
strength for both effects increased when the shorter axis of a cell was parallel to the field,
as well as at higher field frequency and for shorter pulse durations. Nevertheless, data
analysis based on our theoretical description revealed that the A¢ required is lower for
the shorter axis, i.e. for smaller membrane curvatures. The critical A¢ was independent of
the field frequency for a given axis, i.e. the field strength had to be increased with

frequency to compensate for the membrane dispersion effect. Comparison of the critical
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field strengths of PI staining in a linear field aligned along semi-axis a (142 kV m™) and
a field rotating in the a-b plane (115 kV m™) revealed the higher EP efficiency of rotating
fields.

Keywords: induced transmembrane potential, electroporation, electropermeabilization,

lab-on-chip, chicken red blood cells

1. Introduction

Membrane electropermeabilization (EP, also referred to as electroporation or dielectric
breakdown) is probably the most important technique for the introduction of extracellular
molecules, which do not penetrate cell membranes under normal conditions. It is
generally assumed that membrane re-conformation and the formation of aqueous pores
play a decisive role in the process of penetration [1]. EP is observed when the
transmembrane potential (A¢@) induced by the external field reaches a “critical voltage” of
approximately 1 V [2-4]. Its magnitude depends on the experimental conditions [5, 6].
Nevertheless, thorough investigations have shown that the experimental observation of a
“critical voltage” results from the strongly nonlinear auto-regulation processes involved
in pore formation [7-9]. One important effect is the voltage drop in the external medium
for the current flowing through the pore. This voltage drop increases with pore size,
leading to a down-regulation of Ag. Nevertheless, the assumption of a “critical voltage” is
feasible for practical reasons and we will use the term in the following.

EP of cells depends on several electric parameters, e.g. field strength, pulse
duration, number of pulses [6, 10-17] and pulse shape [18-20] Cell size, shape and
orientation, medium conductivity and temperature are also important [6, 21-23]. Ag is
proportional to the length of the axis oriented in the field direction and a shape factor that
is related to the depolarizing factors [23-25]. Chang et al. [26] described how AC-fields
are more effective in EP than DC fields, and result in an increased cell viability. The
frequency dependence of A¢ in AC-fields depends on medium conductivity [22].

Capacitive membrane bridging causes the A¢ to decrease with increasing field frequency
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[4, 22, 27-34]. Clearly, rotating AC-fields generated by the superposition of two
perpendicularly oriented fields are even more effective than the linear AC-fields [28, 35,
36]. New developments focus on EP in microfluidic devices with an EP process
controlled at the single cell level [37, 38]. The aims are to achieve high effectiveness in
the genetic manipulation of cells [39-43] and effective cell lysis prior to subcellular
analysis [44].

Gimsa and Wachner [25, 45] have derived analytical expressions of A¢ for both
orientations of the symmetry axis of spheroidal cells, assuming a low conductive
membrane and a highly polarizable cytoplasm. The same ansatz could be extended to
arbitrarily oriented cells of the general ellipsoidal shape, including all electrical
parameters [30]. Recently, we derived simplified expressions avoiding the complex
depolarizing factors for spheroidal cells [46].

In this work, we analyze the A¢ induced by AC field pulses in arbitrarily oriented
ellipsoidal cells. The theoretical description is compared to experimental results obtained from
the EP of the roughly ellipsoidal chicken red blood cells (CRBCs). Experiments were conducted
in a chip chamber with two comb-shaped electrodes. Each comb had three interdigitating fingers,
allowing for five different inter-electrode distances. The EP of the cells was determined from the
two criteria, propidium iodide (PI) permeabilization detected by fluorescence-staining of the cell
nuclei and cell lysis, respectively. We considered the effects of field strength, pulse field

frequency, pulse duration and cell orientation.

2. Theory
2.1. A¢ for general orientation of ellipsoidal cells
2.1.1. A finite element ansat; for Ap of the oriented single shell model

Gimsa and Wachner [30] have presented a simplified finite element ansatz for the A¢g of a
single shell ellipsoidal model. The model consists of the internal, membrane and external

media, designated by the indices i, m and e, respectively. Each medium is presented by a
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prismatic element (Fig. 1). The impedance Z  of each element is given by the geometry
(cross-sectional area A and length /):

1 .
Z*:—*L with o*=0+ jweeg, (1)
o A

o, &, and j stand for the complex specific conductivity of the considered medium,
relative permittivity, permittivity of vacuum and ~-1, respectively. Equation (1) is
equivalent to an resistor capacitor- (RC-) pair (see lump model in Fig. 1). The length / in
equation (1) is given by the dimensions according to Fig. 1. The cross-sectional areas 4
of each element are assumed to be equal and infinitely small. Starting from this "finite
element model", for an ellipsoidal cell with semiaxis a oriented in parallel to the field
direction A¢gat pole a can be expressed by the voltage divider properties of the lump
model (Fig. 1; see [30] for details):

Ag, = aky,. , — ak;

La

(Zia +Z3) $5™ Zia P

- * % * * * *
Zl-’a +Z, +Ze,a Zi,a +Z, +Z€ja

zZ,

=—F—A: E 2

VAPE VAR A infl Zx @)

E., Ei.. and E;, stand for the external field in x-direction, the effective internal local

M stands for the maximum of

field of the body and the cytoplasmic field, respectively. ¢,
@ioc.a determined by the influential radius ainn along axis a (Fig. 1). Index a refers to the
geometry along semiaxis a. No axis index is required for the membrane impedance
because the membrane elements are assumed to possess the same geometry along each
principal axis. Please note that the model is largely consistent or even superior over the

Laplace-description for reasonable cell properties [30].
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max
¢ =

0 V ¢J.u ¢!or.nr dinn E_‘

Fig. 1. Oriented single-shell model of a general ellipsoidal cell with sketches of the three finite
elements and RC-descriptions for cytoplasm (i), membrane (m) and external medium (e),
respectively. 4, d, a and a;y stand for cross-sectional area, membrane thickness, the semiaxis
length and influential radius along semiaxis a, respectively. E., A@, &, @o. and @, denote the
external field strength, the induced transmembrane potential, the cytoplasmic pole potential, the
actual potential at the surface and the maximum potential at the surface, respectively. A potential

of 0 V is assumed at the center for reasons of symmetry.
2.1.2. Ap for arbitrarily oriented cells of the general ellipsoidal shape

The general ellipsoidal model is described by three principal semi-axes a, b, and ¢ of
different length. Special cases are spheroidal models with @ = b and spherical ones with a
= b = c¢. The semi-axes can be used to determine a Cartesian, orthonormal coordinate
system x, y, and z where x, y, and z are parallel to a, b, and c, respectively (Fig. 2). The
homogeneous external field £ is oriented arbitrarily within this coordinate system. Its
orientation is determined by the angles 6 and y. The local vector P of the membrane point
under consideration is determined by the angles « and f. The induced transmembrane

potential (A¢),) at a membrane point (index p) is:
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Z, Ainfl Ed dx
Zi 75+ 70, X Ag,

zZr b d
Ag, = m mlpd, | =|Ad— 3
Z Zh,+Zn 42, b b b (3)

d

A C: A z

m infl Ezdz ¢c c

Zi ALy +Z;,
for an arbitrary orientation of the inducing field (see [30] for details). ainfi, binn and Cingi
stand for the influential radii of the ellipsoidal cell. The influential radius along each
semiaxis refers to a certain distance from the center of the cell [45]. In the center, a
symmetry plane can be defined for each semiaxis that is oriented perpendicular to the
semiaxis. Field components (E,, E,, E.) parallel to a semiaxis will not change the
potential in the respective symmetry plane for symmetry reasons. The Ag-components at
the three poles a, b, and c are solely induced by the respective field components (Ey, E,,
E.) along the semiaxes. di, d,, and d. denote the distance of the membrane point to the
three symmetry planes (see Fig. 1 and [30] for more details). At the poles di=a, d,= b,
and d.=c. Neglecting the permittivities of the cytoplasm and the external medium, from

equation (3) we obtain [45]:

aq.E. d /a
Ag, = = +

(l+agm(1/0-i +(ainﬂ _a)/ao-e))\/1+f2/f;,a2

b. 4 E, dy /b N @
(1+bgm(1/0-1 +(binﬂ _b)/bo-e))\/1+f2/f;,b2

e E.d. /c
(1+cgm (l/o'[. Jr(cinﬂ —c)/cae))\/lJrfz/fm,2

with
1 0,0;

fc’a B 2nC, (aae +(a;q —a)o; +gmj %)

C,, and g,, stand for the area-specific membrane capacitance in Fm™ and the area-specific
membrane conductance in Sm™, respectively. They are given by C,,=&) &./d and g,=0,,/d

with d being the membrane thickness. f, f.,, o;, and o, stand for the external field
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frequency, the characteristic frequency of membrane polarization along semiaxis a, and
the internal and external conductivities, respectively. Expressions analogous to (5) hold

along the other two semiaxes.

Fig. 2. Sketch of a cell of the general ellipsoidal shape. The components of P and E are given in

spherical coordinates. The principal semiaxes a, b and ¢ define the orthonormal coordinate
system, x, y and z. P (x, v, z) is the local vector of a membrane surface point defined by the

angles « and f. The external electric field E has an arbitrary orientation, determined by the

angles dand y.

2.1.3. Maximum of A@, for semiaxis b being oriented perpendicular to the external

field

The field vector is parallel to the x-z plane for semiaxis b being orientated perpendicular
to the external field (6 = 0°, Fig. 3A). A new analytical expression can be derived from
equation (3) for the membrane surface point reaching the maximum A¢ if only peripheral

points in the a-c plane (= 0°) are considered. The angle & ,m., determining this point

can be obtained from the first derivative of equation (3) for |E\|=|E.|:

a(A¢max) = arctan |A¢i
[4¢

a

c tan 7} (6)

Introducing & 4m Into equation (3) leads to the maximum of A¢:
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Ag™ = \/‘A¢:‘2 cos” y +[Ag| sin® » 7
Analogous expressions hold for fields oriented in the x-y and y-z planes. In these cases,
the field orientation and the membrane point under consideration will be defined by the
angles o and p, respectively (Fig. 3B). Analogous expressions hold for fields oriented in
the x-y and y-z planes. In these cases, the field orientation and the membrane point under

consideration will be defined by the angles ¢ and f, respectively (Fig. 3B).
2.2. DC-limit of A¢, for oriented ellipsoidal cells with zero membrane conductance

2.2.1. General orientation of a cell of the general ellipsoidal shape

For zero membrane conductance and at very low frequency or DC fields, equation (3) can
be reduced to:
_ Yinf binn %
4, _?Exdx +%Eydy +TﬂEZdZ (8)
After introduction of the distances d, d,, and d. and field components E,, E, and E. into
equation (3) we obtain the complete form:

£ abe [ainﬂ cosa cos,B/aJ [cos 7 cos 5}

= b. qcosasin B/b || cosysind
. - infl
\/(a2 sin2 B+ b2 cos? f)c? cos? a + a?b?sin? a cpSina/c sin y

Ag,

9)
2.2.2. A@, for a perpendicular orientation of semiaxis b to the external field

For semiaxis b being oriented perpendicular to the external field, equation (9) can be
reduced to:

E (ainﬂ € COSYCOSA + Ciyp a sinysin a)

49, - (10)

\/a2 sin2 o +c2cos? a

considering only peripheral points in the a-c plane (Fig. 3A). The angle o m

determining Ag™ is given by (compare to equation (6)):

Cinfl C
O ygmany = ATCtN [a-m—ﬂa tan )/J (11)
infl
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and after introducing & ,4m into equation (10) we obtain (compare to equation (7)):

Agmax =E\/aiznﬂ cos? y+clqsin? y (12)
Equations (11) and (12) indicate that the Ag™* of ellipsoidal cells for the above

simplifications depends on field orientation () and cell shape, i.e. the influential radii

along semiaxes a and ¢ (Fig. 3A). Analogous expressions hold for the peripheral points of

the a-b (Fig. 3B) and b-c planes.
2.3. DC-limit of A¢, for oriented spheroidal cells with zero membrane conductance

2.3.1 General orientation of a spheroidal cell

Spheroidal models are oblate and prolate when their symmetry axes are shorter (¢ < a =
b) and longer (¢ > a = b) than the semiaxes a and b, respectively. For arbitrarily oriented
spheroidal cells Ag, is given by [45]:

¢

Mg d, (13)
C

Ag, ="i%ﬂ(Ex do+E,d,)+

The complete form is (compare to equation (3)):

Eac Ay cosacos f/a)(cosycoso
Ag, = Ay, cosasin B/ a || cosysind (14)
p 2 gin2 2 cos2 n : -
\/(a sin? ¢ + ¢2 cos? ) Cinp SINX/ € siny
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A
: =
= 45° f
X max = o
z Ag a=172
X
Y B

A ¢ X

B=23.8°
X

Fig. 3. Two-dimensional sketches of the ellipsoidal CRBC model compared to microscopic
images of CRBCs in the measuring solution. The sketches resemble a situation of a 45° field
orientation in the a-c (A) and a-b (B) planes (6= j= 45°). a and f determine the theoretical

max

membrane points of A¢ ™. (A) field orientation perpendicular to semiaxis b (J = 0°). (B)

experimental standard situation, field orientation perpendicular to the shortest semiaxis ¢ (y = 0°,

compare to Fig. 13).

2.3.2. A@, at peripheral membrane points with a perpendicular orientation of semiaxes

b to the external field for a spheroidal cell

For &= 0° the field vector lies in x-z plane. If we further assume = 0°, Ag, in equation
(9) can be reduced to equation (10). Nevertheless, ainn and cinn are based on complex
expressions for the depolarizing factors [45]. Recently, we derived simple approximating
equations for aj,n and cing of spheroids (equations (A.1) and (A.2)) avoiding complex

expressions. Introducing these expressions into equation (10) leads to:

Ap = a E (a+2¢)(2c cosycosa + (a+c)sinysina) (15)
r 2(a+c) Ja?sin2 @ +c2 cos? a
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The same expressions can be introduced into equations (11) and (12) to determine the A¢

" and the angle « X)under which it occurs. Furthermore, limiting cases of the shape

(Ap™
are considered. For a thin disk (¢ << a) equation (15) reduces to:

_aE(2ccosycosa+asinysina)

A¢ (16)
P 2\/a2 sin2 ¢ +c2cos?
For long cylindrical cells (¢ >> a), Ag), becomes:
acE(2cosycosa+sinysina
Ap, = ( Y Y ) (17)

Ja?sin2 @ +c2cos o
2.3.3. A, for peripheral membrane points for a perpendicular orientation of symmetry
axis c to the field for a spheroidal cell

0 is equal to ,B( A for any y because of the axis-symmetry of spheroids. For y= 0°, the

field vector is parallel to the x-y plane. The peripheral points of spheroids (a= b) form

max :

circles in this plane, i.e. for o= 0°, Ag, " is always given by ainn E. Using equation (A.1)

we obtain [46]:

g =aE(“+2c] (18)

a+c
For the limiting case of a very thin disk (c<<a), equation (18) becomes A¢@,"**= aE. For

an extreme prolate shape (¢>>a), the geometry approaches a cylinder and Ag.""*= 2aE.

3. Materials and methods

3.1. Theoretical analysis of the model behavior

We used Maple 9.5 (Maplesoft, Waterloo Maple Inc., Canada) for calculations. Curves
were plotted with SigmaPlot 9.0 (Systat Software GmbH, Germany). The cells were
modeled as general single shell ellipsoids (a>b>c), spheres (a=b=c) and oblate (c<a=b)
or prolate (c>a=b) spheroids. An electric field strength of 100 kV m™ was assumed for
theoretical considerations. Electric CRBC parameters are given in Table 1. In

experiments, a sufficient number of cells could only be found with the orientation y=



Appendix D 101

0°, a= 0° (Fig. 3B). The orientation 6= 0° f= 0° was not stable enough for reliable data

analysis (Fig. 3A).

Table 1 CRBC parameters of for model calculations [47]. The influential radii were
calculated from the depolarizing factors of general ellipsoids [30]. The quotient of

influential radius and semiaxes length is the maximal amplification factor for the induced

Ag.

Parameter Value

Infl. radius/semiaxis = max. ampl. factor

i/ a 7.49 um/6.66 pm = 1.125
binn / b 5.28 um/4.17 pm = 1.266
Cint1/ C 4.43 pm/1.43 pum = 3.098

Membrane thickness (d') 8 nm

Conductivity / relative permittivity
Internal: o; / &; 0.36 Sm™ /50
Membrane: &,/ &, 28 pS m' /22,59
External: 0./ €. 0.12S8m"/78.5

Area specific membrane conductance (g;,) 3500 S m™

Area specific membrane capacitance (C,,) 0.025 F m™
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Table 2 Shape parameters of a spheroidal model for theoretical considerations

Influential radii calculated from

Semiaxes Depolarizing factors Simplified equations
(appendix)

Spherical model

a=b=c=3.5 um 5.25 pm 5.25 pm
Spheroidal model

c:a = 1:3.5 (oblate)

Aini=bins1 4.18 pm 4.28 pm

Cinfl 3.06 pm 2.75 pm

c:a = 2:1 (prolate)

Ain=Dbing 5.96 pm 5.83 pm

Cinfl 8.47 um 8.75 pm

3.2. Electropermeabilization (EP) experiments

3.2.1. EP chip chamber and instrumentation

A glass chip with two comb-shaped platinum electrodes with three fingers was used for
EP experiments. Our new design allowed for five different inter-electrode gaps of 80 pum,
100 pm, 150 pm, 300 pm and 450 pm generating five electric field strengths from the
same supply voltage (Fig. 4). The chips were fabricated by GeSiM GmbH,

Grosserkmannsdorf, Germany (www.gesim.de). Only the three shortest distances (80 um,

100 pm and 150 pum) were used in the CRBC experiments. The AC fields were generated
by two 180°-phase shifted square-topped signals with a key ratio of 1:1 from a function
generator HP 8130A (Hewlett Packard GmbH, Germany). The parameters of the
generator were controlled by a computer program. The output voltage could be amplified
up to 20 V,, at frequencies up to 60 MHz by a home made amplifier. A pulse generator
HP 8116A (Hewlett Packard GmbH, Germany) was used to generate the gating signal for
the HP 8130A function generator. Waveform and amplitude of the AC-fields were
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monitored with an oscilloscope HP 54610B (Hewlett Packard GmbH, Germany). The
resistances of the on-chip temperature sensors were calibrated for their temperature
dependencies and measured before and after pulse application by a multimeter (model
2000, Keithley Instruments Inc., USA).

After the EP pulse, a short temperature increase has been observed with a
maximum of 0.9 degrees for the longest pulse duration of 200ms. The temperature peak
was observed approx. 50 s after the pulse. The main reason for this behavior was the heat
dissipation by the terminating resistors. The temperature approached room temperature
approx. one minute after the peak.

Photoresist

Bond pad ll . .I, ;

_ Electrode

l :

Tempm re 'ample \"'ﬂlll.ﬂlé
sensor ' %

Chip
SMB Pa I:EI"EI
connector esistors
SMD
capacitor

Plastic ring confines Temperature
sample volume connector

Fig. 4. Electrode glass chip (A; 7x7 mm?) and chip carrier (B) for EP experiments. Two SMD
capacitors (0.1 uF) were each soldered to two parallel 100 Q resistors and the SMB connector
(impedance 50 Q). Finally, the SMD capacitors were glued (conductive glue, Conrad Electronic
GmbH, Germany) to the bond pads of the chip electrodes. The temperature sensor was a platinum
meander-structure. The plastic ring in the center of the chamber was glued to the photoresist to

confine the sample volume (7 pl). The chamber was sealed by a cover slip during measurements.
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3.2.2. Electric field in the chamber

The electric field strength (E) is given by a Fourier series for a square-wave AC-pulse

with a key ratio of 1:1 [36]:

E= 4VZIS [exp(je?)—exp(— j3wt)/3+exp(j5wt)/5—...+..] (19)
z

d, Vi, j, @ and ¢ stand for the distance of a pair of plane-parallel electrodes, the voltage

difference between the electrodes, v—1, the circular frequency, and time, respectively.
The Fourier series contains only odd harmonics. The effective field of the full series is
Vi/d, the effective field generated by the sinusoidal first harmonic is 242 V(7 d)
leaving a missing 9.94% contribution for all other harmonics of the series. The missing
contribution decreases to 5.05% and 3.36% when the third and fifth harmonics are
included in the series. These considerations may be interesting in the frequency range of
membrane dispersion when capacitive membrane bridging reduces the induced
transmembrane potential with increasing frequency, i.e. membrane dispersion leads to a

relatively stronger decrease in the contributions of the higher harmonics.
3.2.3. Cells and sample preparations

CRBCs were chosen because of their 3-axial ellipsoidal shape. Fig. 5 presents
micrographs of the cells (Scanning Electron Microscope, DSM 960A, Carl Zeiss,
Oberkochen, Germany). The cells were obtained from the BfR (Bundesinsitut fiir
Risikobewertung, Berlin, Germany). Fresh blood samples taken from the wing vein of
Italian cocks were preserved at a 1:1 dilution in Alsever’s solution (18.66 g dextrose,
4.18 g NaCl and 8.0 g tri-Na-citrate-2-hydrate dissolved in 1 liter distilled water, pH 6.1)
as an anticoagulant. This suspension had a cell concentration of approx. 19% v/v. It was
stored no longer than three days. Cells were suspended in a mixture of a sucrose and a
NaCl solution for experiments. Both solutions had an osmolarity of 300 mOsm and
contained 1 mM phosphate buffer solution, pH 6.8. The mixture was adjusted to a

medium conductivity of 0.12 S/m. The conductivity was controlled by a conductometer
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(inoLab, WTW GmbH, Weilheim, Germany) in the temperature compensation mode
(20°C).

Fig. 5. SEM-micrographs of slightly shrunken CRBCs, magnification 10 000 x. (A) and (B) show

different orientations of the cells. The semiaxes are denoted.
3.2.4. EP experiments

PI (Fluka, Switzerland, molecular weight 668.39) binds to DNA and is used as a
fluorescence marker of cell nuclei [48]. Cells were suspended in 5 ml measuring solution
containing 10 uM PI [36]. 7 ul of this suspension with a cell concentration of 0.03% v/v
were transferred to the measuring chamber that was sealed by a cover slip. EP
experiments were conducted with sedimented cells a few minutes after transfer. The
uptake of PI by single cells was observed with a fluorescence microscope (Olympus
IX71, Japan). The images were recorded on hard disk and monitored by a computer
interface using the Cell-P program of our imaging system (Soft Imaging System GmbH,
Germany). Cells already stained before pulse application were excluded from

interpretation. EP was judged 3 min after pulse application. Non-lysed cells did not lose
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their hemoglobin content. PI permeabilized cells detected by fluorescence-staining of
their nuclei and non-permeabilized cells were distinguished amongst the non-lysed cells.
Data were obtained for 10-15 cells collected in 4-5 repeats for each experimental

condition.
4. Results and Discussions
4.1. Theoretical analysis

4.1.1. DC-limit of A@, for cells of the general ellipsoidal shape with zero membrane

conductance

The following analysis is based on the theoretical descriptions introduced above. Table 1
presents the CRBC parameters used. In the experiments, cells were oriented with
semiaxes b or c¢ perpendicular to the external field (Figs. 3A and B). For the first
orientation, &= 0° and = 0° for peripheral points in the a-c plane (see Figs. 2 and 3A).
The 4¢, of any point depends on the field angle . Maxima at the poles are special cases
of equation (3) and given for a parallel orientation of the field and semiaxes a (A4¢,"" =
ann E) and ¢ (4¢."" = cinn E), respectively. At a field angle of y= 45° (Fig. 3A) equation

(12) becomes:

AP =(\2/2) E\J(a2y +c2y) (20)

Analogous expressions are obtained for cell orientations in the a-b and b-c planes. It can
be shown that the equation holds for cell models with a very thin membrane, zero
membrane conductance, and a highly conductive cytoplasm at low frequencies. Under
these conditions, the membrane point of A¢™ is solely determined by the object
geometry. We therefore designated the angle of this membrane point “geometry-

determined limiting angle”. o gme )= 7.2° is obtained for the geometric parameters of

Table 1 (Fig. 6A). S agme ) 1s 23.78° in the a-b plane (Fig. 6B).
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-0.8 - ﬂ /°
Fig. 6. Angle dependence of Ag, for the CRBC model with zero membrane conductance (DC-
limit). (A) dependence of « for peripheral points (4 = 0°) for a field orientation perpendicular to
semiaxis b (0= 0°). Three field orientations (y= 0°, y=45° and y= 90°) are considered in the a-c
plane. (B) dependence of S for peripheral points (a = 0°) for a field orientation perpendicular to
semiaxis ¢ (= 0°). Three field orientations (0= 0°, 6= 45° and 0= 90°) are considered in the a-b

plane.
4.1.2. DC-limit of A, of oriented spheroidal cells with zero membrane conductance

We consider the spheroidal shape in the following for the sake of completeness.
Semiaxes a and b were fixed to a typical cell value of 3.5 um. Semiaxis ¢ was varied.
Three axes ratios were considered, c.a = 1:1 (spherical), c:a = 1:3.5 (oblate), and c:a =

2:1 (prolate). A field orientation perpendicular to semiaxis b (o= 0°) can be assumed
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without limitation in generality. A¢, of the peripheral membrane points (= 0°) was
calculated either by the full model (equation (10)) using exact influential radii (Table 2)
or by the simplified equation (15) (Fig. 7). The A4¢™ values were found at the poles of
semiaxis a (o= 0°) and ¢ (o= 90°) for field orientations in parallel (= 0°, Fig. 7A) and
perpendicular (7= 90°, Fig. 7C) to semiaxis a. For j= 45°, A¢™ can be expressed in
analogy to equation (20) (Fig. 7B). For a field orientation perpendicular to semiaxis ¢ (y=
0°), A" = ainq E for all angles in the a-b plane (Fig. 7D). The errors of the simplified
equations for prolate and oblate shapes are usually much smaller than 10% compared to

the full model (Fig. 7).

A max
0.6 e 2:1 A - 0.8 1
04 1:1 y=0° 0.6 -
0.4 1
> 0.2 1 1:3.5 02 !
< 0.0 — — 0.0
h -0.2 135 180 225270 315 360 -0.2
-0.4 1
-0.4 A Ry 06 -
b 570 -0.8 -

Bl°
Fig. 7. Comparison of the DC-limits of Ag, for the full (equation (10), solid lines) and simplified

(equation (15), dashed lines) spheroidal models. Zero membrane conductance was assumed. (A-
C): Ag, dependence on « for peripheral membrane points in a-¢ plane (S = 0°) for semiaxis b
perpendicular to the field (6= 0°). The field orientations is y= 0° (A), y=45° (B) and y = 90°
(C). (D): trivial case of a field orientation perpendicular to the symmetry axis ¢ (y= 0°, 6= 0°).
The A¢, dependence on fis a cosine function for peripheral membrane points in the a-b plane («

= 0°). The A¢, magnitude is higher for prolate than for oblate cells.
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4.1.3. Dependence of the angle of AF"™ on cell parameters and frequency for tilted
cells of the general ellipsoidal shape

The site of Ag™ depends on cell and medium parameters when the object is exposed to
the field under a certain angle. For a qualitative consideration we used two different field
orientations 0= 45° (y= 0°: field in a-b plane), as well as y= 45° (o= 0°: field in a-c
plane). The effect of cell parameters on the location of A¢™ is considered a function of
frequency in Figs. 8 and 9. & and f of the Ag™ membrane points were calculated by
equation (6). For the iteration of one parameter (c., 0;, gn or C,,), all other parameters
were kept at their standard values (Table 1). As expected, the angles robustly approaches
the geometry-determined limiting angles of 7.2° (a-c plane, Fig. 8) and 23.78° (a-b plane,
Fig. 9) at low frequencies for a low membrane conductance.

Generally, three frequency plateaus are obtained for the angles. The first and
second plateaus occur at frequencies from 0-10* Hz and 10°-107 Hz, respectively. While
deviations of the first plateau from the geometry-determined limiting angle depend on
membrane conductance, especially at low external conductivities, the third (permittivity)
plateau is largely independent from the cell parameter variations considered. Only
membrane permittivity variations have a slight effect (Figs. 8D and 9D). In contrast, the
second plateaus of « and f are strongly affected by the cell parameters. It is interesting,
that o and £ may increase as well as decrease compared to the geometry-determined
limiting angle. The reason is that the polarizability balance along the two semiaxes in the
field plane may be deflected either to the shorter or the longer semiaxis, i.e. the shorter or
the longer semiaxis may be higher polarizable [49]. The plateau levels of « and S are
independent of C,, variations. Nevertheless, higher C,, values shift the transition
frequency from the first to the second plateaus toward lower frequencies (Figs. 8D and
9D). Please note that the assumption of cell properties varying along the three axis, e.g.
of different cytoplasmic permittivities, results in a more complex behavior of the angle of

A@™ . Additional transitions and frequency plateaus are obtained for such assumptions
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(data not shown). Nevertheless, such a situation is realistic for biological cells with non-

confocal membranes [47].

y=45°
B: o, g

!
E 683=1 SI]'IAl = gy
10,=0.12Sm™\ /
0,;=0.01 Sm';.f

—_————

12 g,,;=5000 Sm™
10 &m2=3500 Sm™
=0 Sm™

6 3
4 5 6 7 8 9 4 5 6 7 8 9
log (frequency / Hz)

max

Fig. 8. Frequency dependence of the angle & of the A¢ ™" membrane point on cell parameters for
a field orientation of y= 45° in the a-c plane. (A) internal conductivity, o; (B) external

conductivity, o,; (C) membrane conductance, g,; (D) area specific membrane capacitance, C,,.
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Fig. 9. Frequency dependence of the angle £ of the A¢ ™ membrane point on cell parameters for
a field orientation of 0 = 45° in the a-b plane. (A) internal conductivity, o; (B) external

conductivity, o,; (C) membrane conductance, g,; (D) area specific membrane capacitance, C,,.

The A¢ balance along the three semiaxes is plotted in Fig. 10 to consider the physical
background of the angle transitions in Figs. 8 and 9. Fig. 10A shows that the frequency
dependence of A¢ is qualitatively very similar along the three semiaxis. At low frequency
(<10’ Hz) the amplitude of A¢ is frequency independent. The amplitude of Ag is highest
for the longest semiaxis (A¢@, > A@y > Ad., Fig. 10A). Transitions of the relative values
occur at frequencies above 100 kHz (Fig. 10A). Above 100 MHz the sequence of the
magnitudes even reverses (44> Agy> Ady; Fig. 10A insert, Fig. 10B). The transitions in
the relative magnitudes are identical to the transitions of o (compare dashed lines in Fig.
10B to dashed line in Fig. 8) and £ (compare dotted lines in Fig. 10B to dashed line in
Fig. 9).
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Fig. 10. Frequency dependence of the absolute values of A¢ according to the full model
(equation (2), Table 1). (A) frequency dependence of A¢ at the poles for a field
orientation along the of semiaxes a, b and c, respectively. Insert: curves cross one another
at around 100 MHz. (B) amplitudes of A¢ at the poles relative to A¢ ,. Please compare to

the transitions of « 8 and S

Ay in Figs. 8 and 9, respectively.

4.1.4. Electric field distribution in the EP chamber

We used COMSOL 3.3A Multiphysics program (Comsol AB, Stockholm, Sweden) to
consider the three-dimensional electric field distribution in the inter-electrode space of
the chip chamber (Fig. 11). Driving potentials of +/-10 V were assumed for example at a
length of 50 pm (y-direction in Fig. 11). The parallel electrodes E1 and E2 had a distance
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of 80 um (Fig. 4, x-direction in Fig. 11) and a height of 100 nm, determined by the
thickness of the platinum layer (z-direction in Fig. 11). Aqueous solution was assumed to
cover both electrodes by 5 um, the approximate filling height in the EP experiments. The
arrowheads and arrow lengths present the directions and magnitudes of the electric field,

respectively. Inhomogeneous fields were found at the electrode edges.

Fig. 11. Three-dimensional electric field distributions in the EP chamber in between the two
plane-parallel electrodes E1 and E2. The electrode distance is 80 pm. The width, length and
thickness of each electrode are 10 pm, 50 pm and 100 nm, respectively. 5 um filling height were

assumed for the aqueous measuring solution.

Figure 12 presents the electric field strength in x-direction at different heights along lines
in the center of the model (y= 25 um). The constant center field strength is altered at
distances of the electrodes lower than 10 pm. While the field strength is increased along
lines close to the chamber bottom (z< 1 um) it is decreased for higher lines (z= 3 pm and
z= 5 pum). Please note that the discontinuity of the 1 pum line is generated by meshing

problems due to the limited resources of the computer.
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Fig. 12. Electric field strengths along lines in x-direction at different heights z.

4.2. EP results

4.2.1. Dependence of PI permeabilization and cell lysis of oriented CRBCs on electric
field strength, frequency and pulse duration

CRBCs are nucleated and have a three-axial ellipsoidal shape. The nuclei are clearly
visible (Figs. 5 and 13). The semiaxes measures obtained from 60 cells were a : b : ¢ =
6.66+£0.19 um : 4.17£0.26 pm : 1.43+0.08 pum. Experimental considerations were
restricted to the case of semiaxis ¢ being perpendicularly oriented to the external field E
(y=c= 0°; see also Fig. 3B). Fig. 13 presents examples of phase-contrast and fluorescence
micrographs of CRBCs immediately and 3 min after the pulse. Three angle-classes of cell
orientation were considered as indicated in Fig. 13 (6= 0°, 45° and 90°).

The pulse duration was kept constant at 10 ms to consider the frequency
dependence of EP. Examples are shown in Figs. 13A - D. Cells of all orientations were

permeabilized for PI at 1 kHz (Figs. 13A and B). Only cells oriented parallel to the field
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(cells 1 and 2) were permeabilized for PI at 150 kHz, while cells oriented at 45° and 90°
(cells 5 and 6) were not permeabilized (Figs. 13C and D). Detailed results on the
frequency dependence are given in Fig. 14.

The frequency was kept constant at 1 kHz to consider the pulse duration
dependence. Examples are shown in Figs. 13E — H. Four out of six cells were
permeabilized for PI at 1 ms (Figs. 13E and F). All cells were permeabilized for PI by the
longer 100 ms pulse. Two cells even lysed (cells 3 and 4 in Figs. 13G and H). Lysed cells
lost their hemoglobin content after pulse application, their nuclei swelled. An example is
cell number 6 in Fig. 13E. For its location close to the electrode it is the only lysed cell,
even though it is oriented at 72° (see also Figs. 11 and 12). Detailed results of the pulse

duration dependence are given in Fig. 15.
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Fig. 13. EP of oriented CRBCs suspended in 10 uM PI solution (o, = 0.12 Sm™). Left column (A,
C, E and G): phase contrast micrographs immediately after the pulse. Right column (B, D, F and
H): fluorescence micrographs 3 minutes after pulses of £ =200 kVm™ (16 V,,, electrode distance
80 pm). Different pulse durations of 1 ms (E), 10 ms (A and C) and 100 ms (G) as well as
different field frequencies of 1 kHz (A, E and G) and 150 kHz (C) were used. Cell numbers and
the orientation angles of their semiaxes a with respect to the field are indicated. PI permeabilized
(small fluorescent spots, normal nucleus size) and lyzed (E: number 6, G: numbers 3 and 4,

swelled nuclei) cells were distinguished from the appearance of their nuclei.
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The percentages of PI permeabilized and non-lysed cells were plotted over field strength
for different pulse durations and field frequencies to analyze the electroporation
properties of CRBCs. Sigmoidal curves were fitted to the experimental data (Figs. 14 and
15):

a

YT exp(Eyy, — E)/D)

1)

Where y, a, and b denote the percentages of cells complying with one of the two criteria
(PI permeabilization or non-lysis), the final (b negative) or starting (b positive)
percentage of cells for zero-field strength and the slope of the sigmoidal curve. E is the
electric field strength of a data point and Esp, determines the electric field strength
corresponding to the 50% criterion [13,50]. All curves were fitted using a nonlinear least-
square regression program (SigmaPlot 9.5). Figs. 14 and 15 show results of the
frequency, pulse length, field strength and orientation dependencies for the two criteria
[11-15,17]. Figure 14 presents the frequency dependence for a constant pulse duration of
10 ms. The figure shows a higher EP efficiency at lower frequencies (compare to Gimsa
and Wachner [29]).

Fig. 15 presents the effect of pulse duration for a constant frequency of 1 kHz.
This frequency is low enough to be still in the plateau range of the DC-limit (Figs. 10 and
17) and high enough to avoid electrode effects. Higher field strengths are required for an
effective EP at shorter pulse durations and higher numbers of lysed cells are found at
longer pulse durations [14,15]. Clearly, EP efficiency is higher at a cell orientation of &=
0° than at o= 45° and 90° [23].



Appendix D 118

100
80 =

100 Hz
60 4 & R
40 4 a /o T -
20 4 o "

—
[ - - B —]
= = =

40

C 90 120 150 180 210 240
80 TiokHz |V / 1 Electric field strength / kV m”

PI-permeabilization and non-lysis / %

T T T T T T

90 120 150 180 210 240

Fig. 14. Field strength dependence of PI permeabilization and survival (non-lysis) of CRBCs for
different field frequencies at o, = 0.12 S m™. Pulse duration was 10 ms. Cell orientations of &=
0° (triangle), 45° (circle), and 90° (square) were considered. Hollow and filled symbols indicate
the percentages of PI permeabilization and non-lysis, respectively. Sigmoidal curves (equation

(21)) were fitted to the measuring points.
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Fig. 15. Field strength dependence of PI permeabilization and non-lysis of CRBCs for

different pulse durations at 6. = 0.12 S m™. Field frequency was 1 kHz. Cell orientations

of 6 = 0° (triangle), 45° (circle), and 90° (square) were considered. Hollow and filled

symbols indicate the percentages of PI permeabilization and non-lysis, respectively.

Sigmoidal curves were fitted (equation (21)) to the measuring points.

4.2.2. Critical field strength for oriented cells in dependence of field frequency and

pulse duration

We defined critical field strengths E..; for PI permeabilization and cell lysis from the

50%-values of the fitted curves in Figs. 14 and 15, i.e. 50% of the cells comply with one

of the criteria at E.,; [1]. The E.;, for PI permeabilization was always lower than for cell

lysis independent of cell orientation.
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Figure 16 presents the frequency and pulse duration dependence of the two E.;
parameters. The parameters increase for higher frequencies (Fig. 16A) and shorter pulses
(Fig. 16B). Below 100 kHz the E.; for PI permeabilization was independent of
frequency, whereas it is increasing at higher frequencies [22]. This behavior is in
accordance with equations 4 and 5. Nevertheless, E.,;, for cell non-lysis increases linearly
with frequency also below 100 kHz (Fig. 16A). The reason may be that the nonlinear
processes related to the formation of large aqueous pores, membrane rupture, and cell
lysis are much stronger than those resulting in PI permeabilization [7-9]. Further, the
different relative E.; values (Table 3) for PI permeabilization and cell non-lysis at the
different angles of cell orientation are most probably resulting from these properties.
Therefore, our model cannot describe the frequency dependence involved. For these
reasons, no A¢.,;; values were derived from the cell lysis data.

A field frequency of 10 kHz was chosen to search for the optimal pulse duration.
This frequency is high enough to exclude electrode processes and at the same time still
below the membrane dispersion. Averaging over all cell orientations led to mean values
of E.i for the two parameters PI permeabilization and cell lysis in dependence on
frequency (dashed lines in Fig. 16B). The criterion for the optimal pulse duration was
high PI permeabilization at low cell lysis. The distances between the average lines are
frequency dependent, suggesting an optimal differentiation of the two criteria at a pulse
duration of 10 ms (dotted vertical line in Fig. 16B). The field oscillates 100 times at this
relatively short pulse duration.

Ad¢ei; values could be obtained from E,,; by fitting the respective summands of
equation (4) using the parameters of Table 1 (Fig. 17; see also Marszalek et al. [22]).
Field orientations of 6=0° (first summand of equation (4) for d,=a), 45°, and 90° (second
summand of equation (4), d,= b) were considered. While the angles of Ag™ are
frequency independent for 6=0° and 90° (S equal to 8), A¢™* shows a complex behavior
for =45° (Fig. 9). Nevertheless, this complex behavior appears beyond our experimental
frequency range (Fig. 17). For this reason, we used the geometry determined limiting

angle (compare to equation 11) to calculate A¢,,;; from the determined E.,;, values (figure
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16A). For simplification, we neglected the membrane conductance. The obtained Ad,;
values for PI permeabilization are given in Table 3. Theoretical A¢.,; values were only
calculated for PI permeabilization for the reasons discussed above.

Please note that Fig. 17 refers to PI permeabilization only. Other probe molecules
may yield different values. Nevertheless, the low deviation of the curves from the data

points indicates that the cell parameters of Table 1 are reasonable assumptions for
CRBCs.
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Fig. 16. Comparison of E.; for PI permeabilization and non-lysis for various field frequencies
(A, pulse duration 10 ms) and pulse durations (B, field frequency 1 kHz). Three cell orientations
are considered. Dashed lines in (B) denote the average of the orientations for the two E,,;, criteria.
The dotted vertical line marks the optimal frequency for differentiation of PI permeabilization

and non-lysis.
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Fig. 17. Fitted frequency dependence of E.; of PI permeabilization for three cell

orientations over frequency (data of Fig. 16B). Equations (4) and (5) and the parameters

of Table 1 were used. The fits yielded the Ad..~values of Table 3.

Table 3 Comparison of critical field strengths (E..) and critical A¢ (A¢.) for PI

permeabilization for different orientations of semiaxis a with respect to the field. Please

note that E,,;; for PI permeabilization for a field rotating in the a-b plane was approx. 115

kVm™! corresponding to a A, of 0.79 V.

Parameter Cell orientations

0° 45° 90°
E../xVm™ (PI permeabilization, 1 kHz, 10 ms) 141.89+7.53  158.07+7.59  179.3444.88
E.,relative to E,,;, at 0° 1 1.11 1.26
E.i/kxVm™ (non-lysed cells, 1 kHz, 10 ms) 208.29£3.93  218.59+4.89  233.59+2.16
E.,;relative to E,,; at 0° 1 1.05 1.12
A@.i/V (theoretical analysis of data in Fig. 17) 0.99 0.94 0.89
Ad.,i; relative to Ady,; at 0° 1 0.95 0.89
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The assumption of a specific membrane capacitance even higher than 0.025 Fm™ (Table
1) would probably result in a theoretical E;; increase already at lower frequencies and
improved fits at higher frequencies.

Our results confirm that the membrane sensitivity toward the field depends on
membrane curvature. Three factors may be important for this effect: i) the larger the area
oriented perpendicularly to the field (low curvature) the larger the area experiencing a
high A¢ and the higher the probability of pore formation. As a result the membrane
sensitivity for the induced A¢ will be higher along the two shorter semiaxes; ii) the
surface tension generates forces attracting membrane molecules from other membrane
areas. These forces are stronger in areas of higher curvature around the poles of the
longer axis, i.e. when molecules are becoming available by the growth of pores they are
faster collected in areas of high curvature leading to a facilitated pore growth in areas of
low curvature. Nevertheless, such a global effect may require a membrane property that
provides argument iii): areas of higher curvature may be stabilized by molecular
structures near the poles of the longer semiaxis. As a result, the membrane will be less
sensitive toward field induced distortions in these areas. In practice, a combination of the
above and unknown effects may explain our findings. Please also note, that the actual
curvatures in CRBCs are different from those of a general ellipsoid of the same axis-

lengths (Fig. 5).
5. Conclusions

We developed a model for the Ag induced in three-axial ellipsoidal and spheroidal cells
with an arbitrary orientation within the field in order to analyze the effects of cell
orientation, field strength and frequency. The model was tested in EP experiments on
ellipsoidal CRBCs of different orientations in a glass chip chamber with interdigitated
electrodes. The chamber design allowed for the generation of different field strengths
from a single driving pulse. The chamber provided homogeneous fields in large areas
between the electrodes. The permeabilization and lysis rates were only increased for cells

sedimented in the immediate vicinity of the electrodes due to the strongly inhomogeneous
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fields at these sites. Integrated temperature sensors allowed us to prove that the EP pulse
did not induce a strong temperature increase in the chamber.

The percentages of PI permeabilized and lysed cells increased with pulse duration
and decreased with field frequency. The optimal pulse duration and field frequency, i.e. a
high percentage of PI permeabilization at a low lysis rate, were approx. 10 ms and 10
kHz for CRBCs at an external conductivity of 0.12 S m™. Theoretical analysis showed
that A¢ is highest when the longest semiaxis is oriented in parallel to the field. This is
expressed in the lowest E,; values for PI permeabilization (142 kV m'l) and cell lysis
(208 kV m™) at this orientation. Nevertheless, model analysis revealed that Ag,.;, for PI
permeabization was different along the a- (6= 0°, 0.99 V) and c- axes (0= 90°, 0.89 V)
and for the intermediate orientation (6 =45°, 0.94 V) [22]. Possible reasons for this
higher field sensitivity of membrane areas with lower curvature are discussed.
Comparison of the lowest E,,;, for PI staining in a linear field (142 kV m'l) and a field
rotating in the a-b plane (115 kV m™) revealed the higher EP efficiency of rotating fields.

Theoretically, the location of the A™* membrane point in DC or low frequency
fields depends on cell parameters in the event that the field is not oriented parallel to one
of the axes. Its location changes with frequency in the dispersion ranges of cell

polarization.
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Appendix
Simplified equations of the influential radius for spheroidal cells

The plot of the relative influential radius ainn/a compared to the logarithm of the axis ratio
exhibits a sigmoidal shape for spheroids (see Maswiwat et al. [46] for more details). This
behavior can be approximated by:

Qg a+2c 3 1
a a+c 1+(c/a)

(A1)

The limiting values for infinitely thin disks, spheres and infinitely long cylinders 1, 1.5,
and 2 are correctly reflected by equation (A1l). Since the sum of the depolarizing factors
(n, + np + n.) along the three principal axes of a general ellipsoid is always unity [51,52]
it follows that a/aingt+b/binatc/cing=2 [49] and for the relative influential radius cinp/c

along the symmetry axis c:

ciLﬂ_a+2c_ N 1
c 2¢ 2(c/a)

(A2)
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