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Abstract
Electroporation affects the dielectric properties of cells. Dielectric measurement techniques
can provide a label-free and non-invasive modality to study this phenomenon. In this thesis
we introduce a dielectrophoresis (DEP) based technique to study changes in the cytoplasm
conductivity of single Chinese hamster ovary (CHO) cells immediately after
electroporation. Using a microfluidic chip, we study changes in the DEP response of single
CHO cells a few seconds after electroporation. First, in order to quantify our DEP
measurement results and relate them to the cells internal conductivity, we introduce a
dielectric model for CHO cells. This is achieved by measuring the DEP response of many
individual cells in the β-dispersion frequency region and curve fitting to the measured data.
Second, we present quantitative results for changes in the cytoplasm conductivity of single
cells subjected to pulsed electric fields with various intensities. We observe that when
electroporation is performed in media with lower ionic concentration than cells cytoplasm,
their internal conductivity decreases after electroporation depending on the intensity of
applied pulses. We also observe that with reversible electroporation there is a limit on the
decrease in the cells’ internal conductivity. We hypothesize the reason is the presence of
large and relatively immobile negative ions inside the cell which attract mobile positive
ions (mainly sodium and potassium) to maintain cell electrical neutrality. We monitor the
temporal response of cells after electroporation to measure the time constant of changes
due to ion transport and observe this ranges from seconds to tens of seconds depending on
the applied pulse intensity. This result can be used to infer information about the density
and resealing time of very small pores (not measurable with conventional marker
molecules). Lastly, we measure the electroporation of cells in media with different
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conductivities. Our results show that electroporation in very low conductivity media
requires stronger pulses to achieve a similar poration extent as in high conductivity media.
The outcome of this thesis can be used to improve our understanding of the dynamics of
electroporation as well as its modelling in order to make more accurate predictions or
optimize the process for specific applications.
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1. Chapter 1. Introduction

RESEARCH RATIONALE AND OBJECTIVES
Electroporation is the formation of conductive pores in the membrane of biological cells
as a result of exposure to intense pulsed electric fields. The cell membrane polarizes in a
strong electric field resulting in an increase in the electric potential across it. Above a
certain threshold the lipid bilayer molecules of the membrane rearrange themselves and
form pores through which impermeable molecules and ions can pass in and out of the cell
[1]–[3]. The phenomenon has various biological and biomedical applications such as
electrogenetherapy, electrochemotherapy, bacterial decontamination, and irreversible
electroporation of cancerous cells [4]–[18]. Research studies and application
methodologies employ pulses with various durations and amplitudes ranging from submillisecond to nanosecond and sub-kV/cm to MV/cm [19]. Long duration pulses
(microsecond to millisecond) can result in a host of physiological effects such as necrosis,
reversible, or irreversible permeabilization. Electroporation using nanosecond duration

Chapter 1. Introduction

2

pulses, such that the pulse duration is less than the cell membrane charging time-constant,
has shown to effect the cell internal organelles and induce apoptosis in cells [20]–[28].
In studies of electroporation, direct measurements of the pores is challenging since the size
of the pores is very small (nanometer radius) and they are formed in a short period of time
(nanosecond to millisecond range). Therefore, measurements on the secondary effects of
electroporation such as transport of impermeable ions and molecules through the
membrane [29]–[33], increase in the membrane conductance [34]–[37], and changes in the
physiological state of cells (e.g. apoptosis [20], [21]) mostly form the basis for
understanding the process of electroporation and modelling it.
Electroporation starts with a large electric field that creates conductive pathways in the cell
membrane. During the existence of pores the electric force along with diffusion transport
ions in and out of the cell. As a result the dielectric properties of a cell exposed to
electroporating pulses are affected during and after electroporation. The conductivity of
the membrane is significantly higher during electroporation [2], [38]–[40] and the cell’s
internal conductivity is impacted by influx and efflux of ions [41], [42]. Therefore,
dielectric measurement techniques can be used as a tool for detecting and characterizing
electroporation of cells. Being label-free, non-destructive, and integratable with
electroporation apparatus make dielectric study techniques suitable for investigating the
extent of electroporation in applications such as bacterial decontamination or irreversible
electroporation of cells. In addition, studying electroporation from an electrical point of
view can provide valuable information on the mechanism and timing of ion transport and
improve our insight into the dynamics of electroporation. Measurements of changes in the
ionic content of cells induced by electroporation along with the conventional optical
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techniques can provide information on the density of pores, their size, and their resealing
time. Using ions rather than larger dye molecules has the advantage that information about
very small size pores (smaller than conventional dye molecules) can be inferred
experimentally. In [33] the uptake of Thallium cations by cells preloaded with a fluorescent
marker is measured to obtain information about the density and lifetime of nanopores
created by nanosecond pulsed electroporation. Dielectric study techniques have the
potential to perform similar measurements without requiring marker molecules.
Quantified measurements of changes in dielectric parameters of cells during and after
electroporation and incorporating them into the theoretical and numerical models of
electroporation can improve the accuracy of their predictions. The necessity of considering
a dynamic membrane conductivity in modeling the response of cells to a single
electroporating pulse has been discussed in several studies [43]–[48]. Cytoplasm
conductivity is another parameter which can be dramatically influenced by electroporation.
In multiple pulse applications (with slow repetition rate) this can change the charging time
constant of the cell internal structures and impact the electroporation process. With some
knowledge of how the dielectric properties of a cell is affected after pulse exposures the
pulse parameters can be optimized for various applications in multiple pulse
electroporation protocols.
Dielectric based techniques have been employed in several studies to investigate the
electroporation of a bulk suspension of biological cells. Changes in the conductivity of cell
pellets before and after electroporation with microsecond and millisecond pulses are
reported in [40], [49]. Frequency-domain impedance measurement over the range 100 Hz
to 100kHz is used in [50] to study the change in the conductivity of a suspension of mouse
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melanoma cells (B16F1) due to electroporation. Time-domain reflectometry (TDR) is
employed in [41], [51]–[53] to study changes in the electrical properties of HL-60 (Human
promyelocytic leukemic cell line) and Jurkat cells subjected to microsecond and
nanosecond pulses. Studying the electroporation of cells subjected to microsecond pulses
using a dielectrophoresis (DEP) technique, based on monitoring the cross-over frequency
or by field-flow fractionation, is reported in [42], [54]–[56].
Bulk electroporation and studying the response of a suspension of cells provide the overall
response of a distribution of cells with different sizes, shapes, and possibly physiological
state. Single cell studies, however, have the advantage of being able to examine the
response of a cell with a known shape and size and without the influence of neighboring
cells or aggregation effects. . In a recent study, the dielectric properties of individual HeLa
cells before and after electroporation has been investigated using an electric impedance
spectroscopy technique. In their study cells are exposed to high intensity continuous
sinusoidal electric fields as they pass through a set of poration electrodes [57]. In their case
the cells are exposed to numerous strong pulses (more than 1000 pulses) which cause
dramatic changes to the cell structure and membrane.
The objective of this work is to dielectrically study the effects of electroporation at single
cell level and obtain quantitative results on how the internal conductivity of cells is affected
by electroporation. We develop a microfluidic based setup and measurement technique to
simultaneously electroporate single cells and measure their dielectric response within
seconds after pulse exposures. Electroporation is performed by applying approximately
eight 100 µs duration pulses with various amplitudes similar to the protocols employed in
several previous studies [31], [32], [42], [48], [50], [56], [58]–[60].
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We employ a DEP cytometry technique to study changes in the cytoplasm conductivity of
single Chinese hamster ovary (CHO) cells immediately after electroporation. A
microfluidic chip with an array of sensing and actuating electrodes embedded in its
microfluidic channel is used to detect single cells, electroporate them, and measure their
DEP response before and after electroporation. To achieve the required sensitivity for
detection and dielectric characterization of single cells we use a resonator-enhanced
microwave interferometer which measures the microwave frequency differential
impedance of sensing electrodes as a cell passes over them. Since the dielectric properties
of CHO cells are not well-characterized, first, we describe a dielectric model for CHO cells
and determine its dielectric parameters using measurements by the DEP cytometer and
numerical simulations. Then we employ this model to relate the electroporation induced
changes in the DEP response of cells to their internal conductivity. Changes in the
cytoplasm conductivity of cells subjected to microsecond pulses with various intensities is
reported.
CONTRIBUTIONS
The main contributions of the author reported in this thesis are as follow:
•

A novel dielectrophoresis based technique is introduced to simultaneously
electroporate single biological cells and study their dielectric response within
seconds after the pulse application. This provides a label-free and non-invasive
modality to measure the efficiency of electroporation in applications such as
bacterial decontamination or transfection.
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A numerical model is developed to relate the displacement of cells in a microfluidic
channel due to a DEP force to the cells dielectric properties. The validity of the
numerical model is verified with polystyrene spheres which have known dielectric
properties.

•

By measuring the DEP response of many individual CHO cells along with
numerical simulations, a dielectric model with its parameters is introduced for CHO
cells. The model is based on a fairly complicated double-shell structure which
includes the cell’s nucleoplasm, nuclear envelope, cytoplasm, and membrane.
Moreover, the sensitivity of cell dielectric parameters over different frequencies is
presented. The developed model can benefit the ongoing studies on dielectric
assessment of CHO cells’ status for pharmecutical applications and other
medical/biological researches.

•

Quantified results showing changes in the cytoplasm conductivity of individual
CHO cells due to electroporation with pulsed electric fields of various intensities is
presented. With electroporation in a low conductivity medium (less than 0.2 S/m),
a decrease in the cytoplasm conductivity of cells depending on the intensity of the
applied pulses is demonstrated. Also, a limit on the decrease in the internal
conductivity of cells after electroporation is observed indicating that beyond a
certain intensity, stronger pulses do not lead to further decrease in the cells internal
conductivity. The presented results can be used to optimize the electroporation
protocol and pulse parameters for various applications.

Also, incorporating

changes in the internal conductivity of cells into the model of electroporation
improves the accuracy of their predictions in multiple pulse applications.
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The temporal change in the cytoplasm conductivity of individual CHO cells
exposed to pulsed electric fields with various intensities is presented. It is observed
that there is a time constant associated with the cells’ internal conductivity change
which ranges from seconds to tens of seconds depending on the applied pulse
intensity. This observation is in agreement with simulation results reported by
others in literature. This result can be used to infer information about the density of
minimum-size pores which cannot be assessed by conventional fluorescent
markers.

•

Studies of the electroporation of individual cells in extremely low conductivity
medium (0.001 S/m) is performed. Experimental results suggest that in such media
higher intensity pulses are required to achieve a similar poration extent as compared
with electroporation in higher conductivity media. In dielectric study of
electroporation, very low conductivity media is commonly employed to avoid
electrode polarizations. The results presented here can help such studies in properly
selecting the pulse parameters.
THESIS STRUCTURE

The thesis is comprised of seven chapters as follows:
Chapter 1. Introduction
In this chapter the motivations and objectives of the thesis is presented. A comprehensive
review of the previous works on dielectric measurement of electroporation is given
covering the studies on population of cells and single cells.
Chapter 2. Theory and Background
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In this chapter a brief review of the theory of dielectrophoresis and electroporation is
presented. Using simulations, the effect of cells’ dielectric parameters on the spectrum of
the Clausius-Mossotti factor is investigated. This is performed to select the proper
frequency range for studying the electroporation of cells.
Chapter 3. DEP Cytometry Apparatus and Measurement Technique
In this chapter our DEP measurement set-up and technique is presented. The microfluidic
system along with the microwave interferometer employed to detect cells in the
microfluidic channel is described in detail. Then the DEP measurement technique and the
numerical simulation method used to obtain *+ ,-. is explained.
Chapter 4. Dielectric Model for CHO Cells
In this chapter a dielectric model for CHO cells is presented based on a double-shell model.
The measured DEP response of CHO cells in media with different conductivities is
demonstrated. Using numerical simulations, the spectra of *+ ,-. is calculated from the
measured DEP response. After performing a sensitivity analysis to determine the most
sensitive cell parameters over our measured frequency range, a dielectric model for CHO
cells is obtained by optimization and curve-fitting to the measured date. The results of this
chapter is published in:
E. Salimi, and D.J. Thomson, G.E. Bridges, " Dielectric model for Chinese hamster ovary
cells obtained by dielectrophoresis cytometry", Biomicrofluidics, vol. 10, no. 1, pp.
014111, 2016.
Chapter 5. Single Cell Cytoplasm Conductivity Change Induced by Electroporation
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This chapter presents the results of measuring changes in the cytoplasm conductivity of
CHO cells induced by electroporation. The DEP response of several individual cells before
and after exposure to electroporating pulses with various amplitudes is presented. Using
numerical simulations, the measured data is mapped to the cell’s cytoplasm conductivity
providing quantitative results on how the cell’s internal conductivity is affected by
electroporation and its dependence on the pulses amplitude. A discussion relating the
results of this chapter to the findings in other literature (obtained by other measurement
techniques or modeling) is also presented. A manuscript based on the results of this chapter
has been prepared for submission to the journal Biomicrofluidics.
Chapter 6. Effect of Medium Conductivity
Electroporation of cells in moderately high and very low conductivity media is studied in
this chapter. The results for single cell and bulk electroporation in a very low conductivity
medium, obtained using our DEP cytometer, is presented and compared with the results
from a dye exclusion technique.
Chapter 7. Conclusions and Future Work
A summary of the research is presented and possible future work is suggested in this
chapter.
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2. Chapter 2. Theory and Background

DIELECTROPHORESIS
Dielecterophoresis (DEP) is the movement of a polarizable particle in a non-uniform
electric field caused by electric dipole forces. The magnitude and direction of a DEP force
depends on the dielectric properties of cells with respect to their suspending media and is
thus different on various type or state of cells. Dielectrophoretic based techniques
combined with microfluidic systems have been used to study stem cells [61], differentiate
different types of cells in blood analysis [62], [63], trap and separate DNA [64], [65], study
the effect of drugs on cells [66]–[68] separate viable and non-viable cells [69]–[71], isolate
circulating tumor cells from a blood sample [72], and detect early stage of apoptosis in a
batch culture of CHO cells [73], [74]. Reviews on the theory and applications of DEP can
be found in [75], [76].
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Theory

In case of particles such as biological cells, a DEP force arises from the accumulation of
free (conductive, related to σ) and bound (dielectric, related to ε) charges at the interface
of the particle and suspending media due to an alternating electric field and is known as
Maxwell-Wagner interfacial polarization. For a homogeneous spherical particle with
complex permittivity 0̃ =

0

−2

34
5

(

0

and

0

the particle permittivity and conductivity,

respectively) suspended in a medium with complex permittivity ̃ =

− 2 56 (
3

and

the external medium permittivity and conductivity, respectively) and exposed to an

electric field, 7, the equivalent electric dipole moment of the particle (see Fig. 2.1) is

obtained by solving the Laplace equation with proper boundary conditions as [77]
= 48

̃
0

− ̃
7 = 48 * : ,-. ;<=7,
̃ +2 ̃
0

(2.1)

Figure 2.1: A homogenous spherical particle with complex permittivity εp in a medium
with complex permittivity εe can be replaced by an electric dipole with dipole moment, p,
such that the electric potential at the boundary of the particle and medium, Ve, remains the
same. is related to εp and εe through the Clausius-Mossotti factor, KCM..

where ,-. ;<= is the Clausius-Mossotti factor which is a measure of the cell's polarizability
with respect to its surrounding medium at a given frequency and R is the particle radius.
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In a stationary uniform electric field the equivalent dipole positive and negative charges
experience the same electric force resulting in a zero net force on the particle. However, in
a non-uniform electric field the positive and negative charges are exposed to forces with
different values which leads to a non-zero DEP force on the particle. Under the assumption
that the size of the particle is much smaller than the field non-uniformity (so that the dipole
approximation is valid) the time-averaged DEP force exerted on the particle is calculated
as [77]

>?7@ =

3
2

with A0 , *+ ,-. , and CD

A0 *+ ,-. B;CDF E = ,

E

(2.2)

being the particle volume, the real part of ,-. , and the rms of

the electric field at the centre of the particle. The DEP force is frequency dependent through

*+ ,-. and is directed with or against the gradient of the square of the electric field

depending on the sign of *+ ,-. . With *+ ,-. > 0 the force is called positive DEP

(pDEP) and the particle is moved towards the high intensity field regions. Whereas with
*+ ,-. < 0 the force is called negative DEP (nDEP) and the particle is repelled from the

high intensity field areas. Fig. 2.2 gives *+ ,-. versus frequency for a typical viable

CHO cell suspended in a medium with conductivity 0.17 S/m. The electrical and
geometrical parameters of the cell are the values obtained for CHO cells in chapter 4 (see
Table 4.1)
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Figure 2.2: Re{KCM} as a function of frequency for a typical viable CHO cell (with
parameters given in Table 4.1) suspended in a medium with conductivity 0.17 S/m.
The DEP force expressed in Eq.(2.2) is derived for a homogenous spherical particle.
Although many type of cells (including Chinese hamster ovary (CHO) cells employed in
this study) can be geometrically approximated by spheres they are heterogeneous due to
their plasma membrane and internal organelles. To estimate the DEP force on cells, they
are simplified and represented by a multi-shell model shown in Fig. 2.3. In this study we
use a two-shell model to represent a CHO cell containing the nucleus, nuclear envelope,
cytoplasm, and plasma membrane. Starting from the innermost layer, the nucleus and the
nuclear envelope can be replaced by a homogeneous sphere using the equivalent dipole
moment method explained before. Applying the technique progressively to simplify the
multi-shell model, as shown in Fig. 2.3, yields the cell equivalent homogeneous sphere
with complex permittivity [78], [79]
̃ = ̃

2;1 − IJ = + ;1 + 2IJ =CJ
,
;2 + IJ = + ;1 − IJ =CJ

(2.3)
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where IJ = ;1 − K ⁄* =: with d the membrane thickness, ̃ the complex permittivity of

the membrane, and R the cell radius and CJ defined as
CJ =

2;1 − IF = + ;1 + 2IF =CF
,
̃ ;2 + IF = + ;1 − IF =CF
M̃

(2.4)

where IF = ;*$ ⁄;* − K==: with *$ the nucleus radius, M̃ the complex permittivity of the
cytoplasm, and CF given by
̃
$

CF =

2;1 − I: = + ;1 + 2I: =C:
,
;2 + I: = + ;1 − I: =C:
M̃

̃
$

(2.5)

and $̃ are the complex permittivity of the nucleoplasm and nuclear envelope, C: =

̃ ⁄ $̃
$

̃

, and I = ;1 − K$ ⁄*$ =: with K$ the nuclear envelope thickness.

M

$
$
$
$

M

̃

̃

N

̃
0

Figure 2.3: Progressive simplification of a cell with a nucleus into a homogenous sphere
using two-shell model and Eq. 2.3-2.5.
It should be noted that the shell model employed throughout this study is spherically
symmetric. Cells may not be completely symmetric and this may slightly effect the
extraction of cell parameters from the measured data.
2.1.2

Effect of Cell Parameters on the Clausius-Mossotti Factor

The DEP force acting on a cell is a function of the cell dielectric properties through the real

part of the Clausius-Mossotti factor, *+ ,-. . In this section we investigate the effect of

a cells dielectric and geometric properties (permittivity and conductivity of the membrane,
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cytoplasm, nuclear envelope, and nucleoplasm, the cell radius and the membrane
thickness) on the frequency spectra of *+ ,-. . In each case one parameter is chosen as

variable and the remaining ones take the nominal value provided in Table 4.1.
A. Effect of Membrane Permittivity and Conductivity

We study the effect of changing the membrane permittivity and conductivity on the

frequency dependent behavior of *+ ,-. . The cell membrane is made of phospholipid
bilayer with embedded proteins. Thus, it has a very low conductivity (approximately 10-6

S/m) and its relative permittivity is substantially less than water (reported in the range 3 to

20 for different type of cells). *+ ,-. as a function of frequency for three values of
membrane conductivity and permittivity are shown in Fig 2.4a and b, respectively. The

broad range of conductivity change (not realistic under normal physiological conditions)
is chosen because during electroporation the membrane conductance increases by several
orders of magnitude. The graph shows that the membrane conductivity only affects the low

frequency (less than 200 kHz) part of *+ ,-. spectra. Approximately one order of

magnitude increase in the membrane conductivity is required to decrease the low frequency
plateau of *+ ,-. by 20 percent. The membrane permittivity (effects the membrane
capacitance) mostly impacts the first crossover frequency, the frequency at which the sign

of *+ ,-. changes from negative to positive. Increase in the membrane permittivity

results in larger membrane capacitance which shifts the first crossover to lower

frequencies. Electroporation may cause an increase in the effective membrane permittivity
during the presence of pores since the pores are filled water which has a higher permittivity
than the lipid structure of the membrane.
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(a)

(b)

Figure 2.4: Spectrum of Re{KCM } for three values of (a) membrane conductivity and
(b) membrane permittivity. Changes in the membrane conductivity have impacts on the
low frequency plateau of the spectra whereas the membrane permittivity affects the
first crossover frequency.

B. Effect of Cytoplasm Permittivity and Conductivity
The cytoplasm of cells is dominantly made of water. The presence of various type of
proteins and other soluble and insoluble substances makes the relative permittivity of the
cytoplasm slightly less than water (approximately 60). Cytoplasm is moderately
conductive (ranging from 0.1 to 1.2 S/m for different type of cells) due to the presence of
cytoplasm conductivity and permittivity on *+ ,-. is shown in Fig 2.5. The cytoplasm
ions and other mobile charged molecules inside the cell. The effect of changes in the

conductivity affects the spectra between the two crossover frequencies with more impact
decrease in *+ ,-. at 10 MHz. Changes in the cytoplasm permittivity have impact on the
over 1-50 MHz. A 20 percent decrease in the cytoplasm conductivity leads to 18 percent
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second crossover frequency and high frequency part of the spectra (higher than 100 MHz).
Transport of ions and other molecules through the membrane during and after
electroporation may lead to changes in the cytoplasm conductivity and permittivity.

(a)

(b)

Figure 2.5: Spectrum of Re{KCM } for three values of (a) cytoplasm conductivity and
(b) cytoplasm permittivity. Changes in the cytoplasm conductivity affects the spectra
between the two crossovers whereas the permittivity impacts the second crossover
frequency and the high frequency part of the spectra.

C. Effect of Nuclear Envelope Permittivity and Conductivity
Changes in the nuclear envelope permittivity and conductivity only slightly affects the
spectra of *+ ,-. spectra as depicted in Fig 2.6. Significant increase in the nuclear

envelope conductivity (may occur due to internal membranes electroporation) flattens the
spectra in the low megahertz range.
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(a)

(b)

Figure 2.6: Spectrum of Re{KCM } for three values of (a) nuclear envelope conductivity
and (b) nuclear envelope permittivity.

D. Effect of Nucleoplasm Permittivity and Conductivity
*+ ,-. in mid megahertz frequency range, however, it may not be detectable as the effect

As shown in Fig. 2.7a a large decrease in the nucleoplasm conductivity leads to changes in
permittivity has negligible impact on *+ ,-. spectra, Fig. 2.7b. In these simulations the
of the cytoplasm conductivity is more pronounced over this frequency range. Nucleoplasm

volume of the nucleus is approximately 17 percent of the cell volume. Changes in the
nucleus properties may occur due to internal electroporation or electroporation induced
physiological changes such as apoptosis.
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(a)

(b)

Figure 2.7: Spectrum of Re{KCM } for three values of (a) nucleoplasm conductivity and
(b) nucleoplasm permittivity.

E. Effect of Membrane Thickness and Cell Size
Changes in the thickness of the membrane affects the membrane capacitance and
consequently the first crossover frequency, Fig 2.8a. Decrease in the membrane thickness
increases the membrane capacitance which results in lower crossover frequency. The effect

of cell size on *+ ,-. is demonstrated in Fig. 2.8b for 20 percent increase or decrease in

the cell radius (73 percent increase or 49 percent decrease in volume). The spectra of

*+ ,-. is affected by the cell size over the whole frequency range as the cell radius has
a direct impact on the cell overall capacitance and conductance. However, the effect on the
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spectra between the cross-over frequencies is significantly less than the effect of the
cytoplasm conductivity. Electroporation may cause enlargement of cells depending on the
amplitude and duration of applied pulses [42], [53], [80], [81]
The simulation results presented in this section show that in DEP study of cells the DEP
frequency can be selected to monitor specific changes in cells’ electrical parameters,
providing an approach to correlate this with physiological changes (e.g. after
electroporation). The results suggest that low-frequency DEP (less than 200 kHz) can be
used to study cells’ membrane conductivity, mid-frequency DEP (1-50 MHz) can be used
to study cells’ cytoplasm conductivity, and high-frequency DEP application (greater than
100 MHz) can be used to investigate cells’ cytoplasm permittivity. The first cross-over
frequency provides combined information about the membrane permittivity and thickness.
However, it should be considered that the cytoplasm conductivity also affects the first
cross-over frequency.

Chapter 2. Theory and Background

21

(a)

(b)

Figure 2.8: Spectrum of Re{KCM } for three values of (a) membrane thickness and (b)
cell radius. Changes in the membrane thickness affects the first crossover frequency
whereas the impact of the cell radius is observable over the whole frequency range.
ELECTROPORATION
The plasma membrane of cells is made of two layers of phospholipid molecules (lipid
bilayer) structured such that the phosphate heads (hydrophilic) are towards the inside and
outside of the cell and the lipid tails (hydrophobic) are towards each other (Fig. 2.9a). This
structure is impermeable to charged and polar molecules. Cells regulate the transport of
water-soluble substances across the membrane actively or passively using variety of
proteins available in or on the surface of the membrane. Electroporation disturbs the
structure of the lipid bilayer transiently (in reversible cases) and creates some pores with
hydrophilic walls in the membrane (Fig. 2.9c). Pores are initially formed with hydrophobic
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walls (pre-pore), Fig 2.9b, and then transform to more stable hydrophilic ones [2], [82]–
[85]. The dynamic of pore creation, expansion, and contraction is determined by the pore
energy (such that it is minimized) and is dependent on the transmembrane potential. Fig.
2.10 shows the energy of a pore versus pore radius for different values of transmembrane
potential, ∆φmembrane. With ∆φmembrane=0, hydrophilic pores with radius smaller or larger
than O∗ can be generated. The pores with radius smaller than O∗ are believed to be unstable
and rapidly destroyed. However, the ones greater than O∗ transform to the hydrophilic form
and expand to O

M$

which is energetically more favorable. It should be noted that with

increase in the transmembrane voltage the energy minimum disappears and the pores
expand to much larger radii [85]. As the transmembrane voltage increases new pores are
created and the existent ones expand resulting in an increase in the membrane conductance
(since the pores are substantially more conductive that the lipid parts) which in turn lowers
the transmembrane voltage. In this self-regulated manner the transmembrane potential
tends to control the creation and expansion of pores. At the end of the pulse, as the electric
field is removed, pores start to contract to O

M$

and remain at this minimum energy until

they eventually overcome the energy barrier Q∗ − Q and destroyed completely [86].
Transport of ions in and out of cells occurs during the pulse application by electrodiffusion
and after the pulse by diffusion until the pores are fully closed. The transport of larger
molecules (e.g. propidium iodide and other similar fluorescent dyes) may stop shortly after
the pores contraction since the size of their molecules is larger than O

M$ .

However, ions,

due to their very small size, can continue diffusing through the pores until they are
completely destroyed.
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(c)

Figure 2.9: (a) Lipid bilayer structure of an intact membrane. (b) A hydrophobic pore
(c) A hydrophilic pore.

(a)

(b)

Figure 2.10: (a) Energy of a pore versus its radius at zero transmembrane voltage. W*
and r* are the energy and radius of minimum size hydrophilic pores. Wm and rm are the
energy and radius of hydrophilic pores with minimum energy. (b) Energy of a pore
versus its radius at different transmembrane voltages. As the transmembrane voltage
increases the minimum point disappears. Adapted with permission from [85].
Copyright (2011) Massachusetts Institute of Technology.
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In this study we use 100 µs duration pulsed electric fields with amplitude ranging from 0.7
to 2.4 kV/cm to electroporate cells. Previous studies in literature show the uptake of large
molecules such as Trypan blue (cylindrical shape with radius 0.59 nm and length 3.16 nm),
FD-4 (hydrodynamic radius 1.86 nm), and FD-2000 (hydrodynamic radius 26 nm) for cells
electroporated with similar pulses [32], [58]. This suggests that the created pores can
expand sufficiently large (or merge with each other) to allow the transport of such large
molecules. Simulation results from modeling the electroporation of cells using a 100 µs
duration pulse with amplitude 1.5 kV/cm demonstrate that two population of pores with
radii 1.5 nm and 12 nm are created after the pulse application [48].
In our studies we measure changes in the cytoplasm conductivity of cells (due to transport
of ions through the pores) as an indication of electroporation. Since the radius of ions
(primarily Na+, K+, and Cl-) is smaller than 0.5 nm, they can pass through the pores during
the pulse as well as after the pulse when most of the pores shrink to their minimum size. In
chapters 5 and 6 we demonstrate the temporal changes in the cytoplasm conductivity of
single cells after exposure to electroporating pulses.
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3.

Chapter 3. DEP Cytometry Apparatus and Measurement
Technique

A microfluidic device with coplanar electrodes incorporated in the microfluidic channel,
as shown in the inset in Fig. 3.1, is used to sense single cells in the flowing channel as well
as to electroporate them with a high intensity electric field or actuate them by a DEP force.
Fig. 3.1 represents the schematic of the interferometer-microfluidic system with a set of
actuation electrodes, labeled as A, and two sets of sensing electrodes, labeled as S1 and S2.
Electroporating pulses are applied to a single cell using the actuation electrodes. The same
electrodes are employed to generate the non-uniform electric field required for DEP
actuation. The sensing electrodes, S1 and S2, measure the cells altitude in the channel before
and after the DEP actuation.
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Figure 3.1: (a) Schematic of the resonator-enhanced microwave interferometer
employed to capacitively sense the presence of single cells in the microfluidic channel
and estimate their altitude. (b) A typical measured signal for a CHO cell at an altitude
of approximately 16 µm above the sensing electrodes. Reproduced from [94], with the
permission of AIP Publishing.
MICROFLUIDIC SYSTEM
Our microfluidic chip was fabricated by Micronit Microfluidics using their Sensonit GlassBased Microfluidic Technology with Metallization process. The 15×15 mm chip consists
of two layers of borosilicate glass with 1.1 and 0.7 mm thickness as the top and bottom
layers. A 20 nm thick Ta adhesion layer and 180 nm thick Au layer are deposited in 200nm
depth etched trenches in the bottom layer to form the electrodes. A 40 µm high and 100
µm wide microfluidic channel is etched in the top layer and heat bonded to the bottom
layer. The electrodes are 25 µm wide and extend entirely across the microfluidic channel.
The spacing between the sensing pairs and the DEP gaps are 25 and 35 µm, respectively.
Fluid is pumped through the microfluidic channel via powder-blasted access ports using a
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Fluigent MFCS-4C Microfluidic Flow Control System. The throughput of the system is
related to the flow velocity and cell suspension concentration. Typical experimental
throughput of 30-50 cells per minute is obtained for cell concentration of 2×105 cells per
milliliter and flow velocity of 1500-2500 µm/s. Substantially higher throughput can be
achieved using a larger cell concentration, however, it increases the chance of having more
than one cell over the sensing and actuation region.
DETECTION OF CELLS IN THE MICROFLUIDIC CHANNEL
The detection technique is based on measuring the impedance change (capacitance
dominated) of coplanar pairs S1 and S2 due to a cell [87]. As a cell passes over the sensing
electrode pairs, S1 or S2, it displaces the media and results in a slight change in the
capacitance of the electrodes. Evaluating the change in the stored energy, with and without
the cell assuming that the cell is sufficiently small so that changes in the electric field is
negligible over its volume, yields an expression for the capacitance change due to a cell as
[88]

with A

]] ,

∆\ = 3 A

]] *+ ,-.

CF
,
^F

(3.1)

the cell volume and ^ the voltage applied to the sensing electrodes. Since the

field generated by coplanar electrodes is a non-uniform electric field the capacitance

change due to a cell (given by Eq.(3.1)) is dependent on the intensity of the electric field
at the position of the cell. Therefore, the higher the cell in the channel the lower the field
intensity and the smaller the capacitance change.
A microwave interferometer, as shown in the block diagram in Fig. 3.1, is used to sense
small capacitance changes. A signal generated by the RF source (gigahertz range) is split
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between two paths. One is the reference signal, Vref, and the other one passes through the
sensing path, Vres. The sensing path contains a quarter-wavelength coupled microstrip
resonator connected to the sensing electrodes in the microfluidic channel. The presence of
cells in the microfluidic channel changes the capacitance of sensing electrodes and causes
a slight shift in the resonant frequency, and thus the insertion phase, of the resonator. A
sensing signal, S, is generated by combining Vref and Vres using a mixer and detecting their
phase difference. To improve the signal-to-noise ratio a lock-in amplifier (LIA) technique
is used which enables narrow-band detection of the mixer's output. In the absence of cells
the frequency of the RF signal is set near the resonant frequency of the resonator, f0, and
the phase delay is adjusted so that Vref and Vres are 90° out of phase. In the presence of a

cell the sensing signal from the interferometer is
a = bcAD d c|AD E |fgh;∆i= ,

(3.2)

where b is the gain of the mixer and LIA and ∆i is the phase change due to the presence
of a cell. When operating near the resonant frequency and for very small changes in

capacitance, such that the change in the resonant frequency is much less than the resonator
bandwidth, the sensing signal will be dominated by ∆\ rather than amplitude changes. For

small ∆i, Eq.(3.2) can then be written as
a = bcAD d c|AD E |cd k
j

Ki
lm ∆\ .
K\ dj

(3.3)

In Eq.(3.3) ∆\ is the capacitance change of the sensing electrodes due to the presence of a
cell and ;Ki⁄K\ =dj is the rate of change of phase shift of the resonator with capacitance at

the resonant frequency. For a quarter-wavelength short-circuit resonator terminated in a
capacitive load, [89], [90]
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(3.4)

with n and p the quality factor and the characteristic impedance of the resonator,

respectively. Sensing of cells is performed with a low amplitude (about 500 mVpp) and
high frequency (about 1.5 GHz) signal to avoid microwave DEP actuation of cells and
minimize variation due to interfacial dispersion (variation among cells in a culture affects

*+{,-. } to lesser extent at higher frequencies). The signal obtained for a CHO cell at an
elevation approximately 16 µm above the sensing electrodes is shown in Fig. 3.2. It features

two peaks corresponding to the maximum field regions of the two sensing electrodes. In
this result the LIA time constant is 3 ms, equivalent to a measurement bandwidth of about
42 Hz. The signal amplitude is 1.1 V and the rms noise is 5.4 mV (calculated over a window
of 1 s, as shown in the Fig. 3.2) providing a measured signal-to-noise ratio 23 dB. Using
Eq.(3.1) the induced capacitance change for a CHO cell passing over the sensing electrodes
at an altitude of 16 µm is approximately 30 aF and thus the system detection sensitivity is
0.15 qr for a 42 Hz bandwidth.
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Figure 3.2: The sensing signal for a CHO cell using the microfluidic-interferometer
system. A window of 1s is used to calculate the rms noise highlighted by the red box.

MEASUREMENT OF THE DEP FORCE ACTING ON A CELL
As a cell passes in the microfluidic channel, it experiences a DEP force generated by
actuation electrodes, A in the inset of Fig. 3.1. The two sets of sensing electrodes, S1 and
S2, on each side of the DEP actuation electrode are used to measure the altitude of a cell in
the channel before and after the DEP actuation. Example trajectories and corresponding
signals for cells passing over the electrodes are shown in Fig. 3.3. The DEP actuation
electrode, A, applies a DEP force on a passing cell which causes it to approach S2 at a
higher (when experiencing nDEP) or lower altitude (when experiencing pDEP). As a result,
the amplitude of the peak P2 registered by S2 differs from the peak P1 registered at S1
depending on the strength and direction of the DEP force applied to the cell (Eq.(2.2)). We
define a parameter, force index, s = ;tF − tJ =⁄tJ to quantify the change in the electrical

signal due to a DEP actuation. The force index is a measure of the DEP force acting on the
cell and hence the Clausius-Mossotti factor of the cell in its suspending medium.
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Figure 3.3: Schematic of the sensing (S1 and S2) and actuation (A) electrodes in the
microfluidic channel and illustrative trajectory of a cell subjected to nDEP (P1>P2),
no DEP (P1=P2), or pDEP (P1<P2). Examples of sensing signals recorded for single
CHO cells experiencing nDEP, no DEP, and pDEP ar shown on the right.
In order to calculate *+{,-. } from the measured force indices, fluid dynamics simulation

is employed. Here the movement of a homogenous particle with various dielectric

constants (resulting in *+{,-. } ranging from -0.4 to +0.4) is simulated using COMSOL

Multiphysics 4.3b Particle Tracking for Fluid Flow and Electric Currents modules. With

the particle entering at a given altitude, h1, and subjected to DEP and hydrodynamic forces,
we obtain its exit altitude, h2, at the location of the second pair of sensing electrodes, for

different values of *+{,-. } (Fig. 3.4a). The capacitance change of the two pairs of sensing

electrodes due to the particle is then calculated using Eq. (3.1) with |Cu vw |F obtained from
solving the Laplace equation using COMSOL Multiphysics. Fig. 3.4b shows the profile of

|Cu vw |F for several exit altitudes when VRF=0.5 Vpp. The capacitance change of the sensing

electrodes due to a particle versus the particle’s altitude is shown in Fig. 3.4c. Since the
amplitude of the signals associated with sensing electrodes S1 and S2 are proportional to
their capacitance change, the force index corresponding to each *+{,-. } is estimated from
s=

∆-|xy z∆-|x{
∆-|x{

.
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Figure 3.4: (a) Trajectories of a 6 µm radius particle with variable Re{KCM} and an
entrance altitude 16 µm subjected to DEP and hydrodynamic forces as obtained from
COMSOL simulations. The trajectories are used to estimate the altitude of the particle
after DEP actuation for different values of Re{KCM} ranging from -0.4 to +0.4. (b)
Simulation results of the amplitude of the square of the electric field over the sensing
electrodes for different exit altitudes. The capacitance change of a pair of sensing
electrodes due to a particle is directly proportional to |ERF|2 at its center. (c)
Capacitance change of the second sensing electrode pair (after DEP actuation) versus
altitude as obtained from Eq. (3.1). This curve is used to calculate the force index
corresponding to different values of Re{KCM}. Reproduced from [94], with the
permission of AIP Publishing.
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SIMULATION OF DEP AND HYDRODYNAMIC FORCES
Fluid flow in a microfluidic channel can be assumed laminar since the Reynolds number
is much less than one [91]. Given that in our experiments the fluid is viscous and
incompressible and there is no fluid acceleration, a Poiseuille flow is established in the
microfluidic channel which is characterized by a parabolic velocity profile (zero at walls
and maximum at the center of the channel). The fluid velocity at any altitude, h, from the
bottom of the channel is given by [91]
I = 6〈I 〉

~
~
k1 − l ,
•
•

(3.5)

where 〈I 〉 is the mean flow velocity and H is the height of the channel. The majority of

cells flowing in the microfluidic channel sediment and acquire an equilibrium altitude
before entering the DEP actuation region. Forces which govern the vertical movement of
a cell outside the DEP actuation region are gravity, buoyancy, and hydrodynamic lift force
given by [92]
r€•D‚ƒz„…† =
r€]Md! = \

48 :
O ‡;ˆ − ˆ =;−‰Š=,
3

6‹〈I 〉O :
•
f‡h; − ~=‰Š ,
•;~ − O=
2

(3.6)

(3.7)

where ‡= 9.81 m/s2 is the gravitational acceleration, ˆ and ˆ are densities of the cell and

suspension medium, r is the cell radius, ‹ is the viscosity of the medium, h is the distance

from the cell centre to the bottom of the channel. Here C is a coefficient which is obtained

experimentally using standard dielectric particles (section 4.2.1). The equilibrium altitude,
heq, of a cell is the elevation at which gravity, buoyancy, and lift forces are in balance. We
use heq obtained from Eq. (3.5)-(3.7) (with the velocity and size matching the average of
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our measured data for single cells) as the initial altitude in our simulations. During DEP
actuation the gravity and buoyancy forces are negligible as compared with other forces and
the cell movement is mostly impacted by the DEP, drag and hydrodynamic lift forces (in
the case that the cell is close to a wall). The DEP and lift force are expressed in Eq. (2.2)
and Eq. (3.7) and the fluid drag force is given by [93]
r€ŒD‚• = 68‹O;I€ − I€ =• ,

(3.8)

Where I€ and I€ are the fluid and particle velocities, respectively, and λ represents the
ratio of the force experienced by a particle between two confining walls to the force in an

unbounded fluid. λ is a function of the cell altitude in the channel and varies as the cell
moves in response to the DEP force. Given the channel geometry we obtain the altitude
dependent λ for our system from the data provided in literature [93].
In our simulations the channel, particle, and medium parameters are set according to our
experiments and are listed in Table 3.1. Fig. 3.5 is an example plot of force index versus

*+{,-. } for a 6 µm (radius) particle moving with initial velocity of 2200 µm/s at an
equilibrium altitude of heq=16.5 µm and experiencing a DEP force generated by a

sinusoidal voltage of 8 Vpp applied to the actuation electrodes.
Table 3.1: Channel, particle, and medium parameters employed in simulations.
Reproduced from [94], with the permission of AIP Publishing.
Parameter

Symbol

Value

Ref.

Channel height
Channel width
PSS density
Cell density
PSS radius
Cell radius
Particle initial velocity
Medium density

H
W
ˆ
ˆ
r
r
vc0
ˆ

40 µm
100 µm
1050 kg/m3
1050 kg/m3 a
5.5 µm
5.9 - 6.2 µm
2000 – 2500 µm/s
1019 – 1027 kg/m3

Datasheet [95]
[96]
Datasheet [95]
Measured
Measured
Calculatedb
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Medium viscosity
η
0.001 Pa.s
[97]
Medium conductivity
0.17 – 0.5 S/m
Measured
78
Medium Permittivity
[98]
a)
This is an average value reported in litrature for CHO cells. It should be noted that not all cells have the
same density.
b)
Cells are measured in media with different conductivities. The density of the medium is calculated
considering its glucose and sucrose content [97].

Figure 3.5: Force index versus Re{KCM} obtained from simulation for a 6 µm particle
moving with an initial velocity 2200 µm/s and an altitude 16.5 in the microfluidic
channel subjected to DEP and hydrodynamic forces. The DEP force is generated by
applying a 8 Vpp sinusoidal voltage to the actuation electrodes. Channel, particle and
medium parameters are listed in Table 3.1. Reproduced from [94], with the permission
of AIP Publishing.
ELECTROPORATION AND DEP STUDY OF SINGLE CELLS
The actuation electrodes employed for DEP application are also used to apply
electroporating pulses (EP) to cells, Fig. 3.6.
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Figure 3.6: Electroporation of single cells by applying pulses to actuation electrodes.

In order to study the temporal response of individual cells to electroporating pulses, we
continuously shuttle a single cell back and forth over the electrodes in the microfluidic
channel (by proper adjustment of inlets and outlets pressures) and measure its response to
a DEP force over a period of time. Fig. 3.7 shows the procedure used for continuous DEP
and EP application to a single cell and the simulated electric field profile in the channel.
First, we measure the cell’s DEP response for several passes at a specific frequency (such
that it is sensitive to the cell’s internal conductivity) before electroporation. Then, as the
cell passes over the actuation region, we expose it to several electroporating pulses by
applying a pulsed electric voltage with desirable duration and intensity to the actuation
electrodes. We measure the temporal changes in the DEP response of the cell immediately
after electroporation for a period of a few minutes as the cell continues moving back and
forth in the channel.
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(a)

(b)

(c)

Figure 3.7: Profiles of the electric field in the sensing and actuation regions of the
microfluidic channel (panels on the left). (a) The sensing signal, S, (right) as the cell
traverse the electrodes is proportional to the amplitude of the sensing electric field
squared. (b) The DEP force applied to a cell is proportional to the amplitude of the DEP
electric field squared. (c) The pulsed voltage applied to the actuation electrode (right)
generates the electroporation electric field over two gap regions through which the cell
traverse.
CONCLUSIONS
In this chapter we described the DEP measurement apparatus and the microwave
interferometry technique we employ to detect and actuate single cells. We introduced a
dielectrophoresis based measurement technique to simultaneously electroporate a single
cell and measure the induced changes in its DEP response. By shuttling a single cell back
and forth in a microfluidic channel and studying its DEP response before and after applying
electroporation, we are able to measure the induced changes in the cell’s response within
seconds after pulse exposures. We also developed a simulation model to relate the
measured DEP response of cells to their *+{,-. }. This will be employed in chapter 4 to
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obtain a dielectric model for CHO cells and in chapters 5 and 6 to relate changes in the
DEP response of cells after electroporation to their internal conductivity.

39

4. Chapter 4. Dielectric Model for CHO Cells

Chinese hamster ovary (CHO) cells have widespread biopharmaceutical and biomedical
applications. Adaptability and ease of genetic manipulation have made CHO cells the
industries’ primary mammalian host for commercial production of therapeutic protein [99].
CHO cells have been used in numerous biological and biomedical research studies such as,
cell cycle, toxicology, cancer biology, and DNA damage and repair studies [100]–[103].
Despite the extensive applications of CHO cells, their dielectric properties are not well
established. In studies where an electrical model of CHO cells is required, a model with its
parameters taken from other mammalian cell lines or yeast is often adopted [56], [104]–
[106]. With growing interest in dielectrically probing the metabolic status of CHO cells in
biopharmaceutical reactors [107], [108] or employing CHO cells in dielectric study of
biological phenomena (e.g. apoptosis or electroporation), a complete model of CHO which
includes the cell and its internal organelles and their dielectric parameters is essential to
make accurate conclusions and predictions. In this chapter we employ a double-shell
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dielectric model and present the dielectric parameters for the membrane, cytoplasm,
nuclear envelope, and nucleoplasm as measured using a dielectrophoresis technique.
Impedance spectroscopy and AC electrokinetic techniques are the two main label-free
dielectric study methods. Both are based on the polarization of cells in an applied electric
field. In impedance spectroscopy the frequency dependent electrical properties of a cell
suspension is measured and the cells’ dielectric parameters are extracted using theoretical
models to remove the effect of the suspension medium [109], [110]. This technique has
been implemented in both time-domain and frequency-domain to obtain the dielectric
parameters of a population of normal and malignant white blood cells [111]–[113],
electroporated and non-electroporated Jurkat cells [41], [53], and mouse lymphocytes and
erythrocytes [79], for example. In AC electrokinetic techniques the frequency dependent
motion of cells induced by electrorotation or dielectrophoresis (DEP) is measured.
Theoretical or numerical analysis is then employed to relate the motion to the cells’
dielectric parameters. Electrorotation and dielectrophoresis have been employed to study
the dielectric properties of drug-treated and non-drug-treated Friend murine
erythroleukemia cells [66], [67], apoptotic human leukemia cells[114], and MDR human
leukemia cells [68]. AC electrokinetic techniques can measure the response of single cells.
This allows measurement of individual cells without the influence of neighboring cells and
aggregation effects.
In this chapter we employ the DEP cytometry technique, explained in chapter 3, to
determine the dielectric properties of CHO cells based on a double-shell model. Using our
microfluidic device the DEP induced translation of many individual CHO cells are
measured as they flow through the channel. Cells are suspended in media with different
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conductivities and their response is measured over the frequency range 0.6 – 10 MHz.
Performing numerical simulations and curve-fitting to measured data, we obtain the
membrane permittivity,

cytoplasm conductivity, nuclear envelope permittivity,

nucleoplasm conductivity, and plasma membrane thickness of CHO cells. We report the
values of the double-shell model parameters for CHO cells and compare them with three
other mammalian cells.
MATERIALS AND METHODS
We use a double-shell model for CHO cells and determine its parameters using the
dielectrophoresis based technique explained in chapter 3. The approach we take is to obtain

*+{,-. } from the DEP response of many single cells over a specified frequency range.

*+{,-. } is a function of the dielectric properties of the cell internal structure and the

double-shell model parameters are extracted by curve-fitting to the measured data.
4.1.1

Extracting Cell Model Parameters from

{

}

A Chinese Hamster Ovary cell is a eukaryote with a nucleus much larger than other
organelles and approximately half the cell’s radius (Fig. 4.1a). In this study we employ a
double-shell model for CHO cells consisting of the cell nucleus, nuclear envelope,
cytoplasm, and plasma membrane, as shown in Fig. 4.1b. With this model there are eight
dielectric parameters (permittivity and conductivity of each compartment) and four
geometric parameters (radius of the cell and nucleus and the thickness of the membrane
and nuclear envelope). The parameters are obtained by curve fitting to the measured data

(*+{,-. } vs. frequency). Reliably extracting all parameters is challenging due to
interdependency of some parameters and insensitivity of some parameters over the
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frequency range of measured data. To overcome this we perform a sensitivity analysis to

determine the parameters that predominantly effect the *+{,-. } spectrum over the

frequency range of measurements. We also obtain the size of the cells and their nuclei by
optical microscopy.

Figure 4.1: (a) Image of a typical CHO cell in our experiment obtained using an
inverted DIC microscope. (b) Double-shell model of a cell consisting of the cell nucleus,
nuclear envelope, cytoplasm, and plasma membrane. The dielectric and geometric
parameters of the model are indicated. Reproduced from [94], with the permission of
AIP Publishing.

A. Sensitivity Analysis

The sensitivity of the *+{,-. } spectrum to a parameter xi is defined as the relative root-

mean-square change in the entire spectrum of *+{,-. } due to a small change in xi over the
relative change of xi. The sensitivity function at xi=xi0 is described as [115]

Ž;•M =|•‘j =

’

“d

d—˜™
—‘š

”,;o, •J , … , •M + K•M , … , •$ = − ,;o, •J , … , •M , … , •$ =–F Ko
d—˜™

“d

—‘š

, F ;o, •J , … , •M , … , •$ =Ko
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•M

,

(4.1)

where K(f,x1,…,xi,…,xn) is the function *+ ,-. , fmin and fmax denote the frequency range

of measurement, and xi represent the dielectric and geometric parameters. For calculating
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the sensitivity to each parameter xi we vary its value over a selected range (chosen for

mammalian cells) while keeping other parameters constant. Therefore, Ž;•M =|•‘j is

dependent on the value of all parameters and are initially selected to be that of typical
values reported for mammalian cells [79], [111]. Larger u(xi) implies greater effect on the
spectrum of *+ ,-. over the measured frequency range. Based on the sensitivity analysis

a subset of the most sensitive parameters are chosen for curve-fitting to the measured

*+ ,-. spectra. Insensitive parameters are identified and their values are kept as the
typical reported values.

B. Obtaining Parameters by Curve Fitting
The value of the parameters which are selected for optimization (based on the sensitivity

analysis) are obtained by curve fitting to the measured *+ ,-. spectra. The Nelder-Mead

simplex optimization technique (MATLAB R2014b Optimization Toolbox) is employed
to minimize the error function
d—˜™

C = ’ œ •,
d—‘š

‚E ;o, •J , … , •$ = −

,…0! ;o, •J , … , •$ =ž Ko ,
F

(4.2)

where Kmeas(f,x1,…,xn) and Kopt(f,x1,…,xn) are the measured and fitted *+ ,-. spectra,
respectively.
4.1.2

Cell Preparation

The Chinese hamster ovary cells (CHODG44-EG2-hFc/clone 1A7), kindly provided by
Yves Durocher of the National Research Council, are grown in 250 mL shaker flasks and
incubated at 37°C with a 10% CO2 overlay on a shaker platform (120 rpm). The cells are
passaged every 2 – 3 days with a seeding density of 2×105 cells/mL in BioGro-CHO
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serum-free medium (BioGro Technologies, Winnipeg, MB) supplemented with 0.5 g/L
yeast extract (BD, Sparks, MD), 1 mM glutamine (Sigma, St. Louis, MO), and 4 mM
GlutaMax I (Invitrogen, Grand Island, NY). On the day of the experiment the cell
suspension is prepared by centrifuging and resuspending day 2 cells in a mix of low
conductivity [22.9 mM sucrose (Sigma), 16 mM glucose (Fisher), 1 mM CaCl2 (Fisher),
16 mM Na2HPO4 (Fisher)] and BioGro CHO medium to a concentration of 2×105
cells/mL. The ratio of low conductivity to BioGro CHO medium is based on the desired
sample conductivity: 0.17 S/m (30:2), 0.30 S/m (26.8:5.2), 0.40 S/m (24.4:7.6), 0.50 S/m
(22:10). All media are isotonic and their osmotic pressure, as measured with an osmometer
(Advanced® Model 3300 Micro-Osmometer, Advanced Instruments Inc., Norwood,
USA), is 291, 303, 298, and 305 mOsm/kg for conductivities 0.17, 0.3, 0.4, and 0.5,
respectively.
RESULTS AND DISCUSSION
4.2.1

System Calibration

In order to determine the lift coefficient, C, and verify our COMSOL simulations,

experiments are performed on 11 µm diameter (close to CHO cell diameter and density)

polystyrene spheres (PSS) suspended in a medium with the same density and viscosity as

the one used for cells. While applying a 10MHz, 8 Vpp DEP voltage to the actuating
electrode, force indices are recorded for 800 individual beads flowing at different velocities
which causes them to settle at different equilibrium altitudes. Given that a PSS acts like a
lossless dielectric sphere with

D =2.5

in the MHz range, we simulate the DEP response of

a bead at a specific initial altitude. The lift coefficient, C=0.31, is obtained by adjusting it
such that the force index predicted by the simulation matches the average of force indices
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measured for beads with the same altitude in the channel. To verify the result we use the
obtained value of C to simulate beads at other initial altitudes (ranging from 11 to 27 µm)
and compare the results with the measured data. The results depicted in Fig. 4.2 show a
good agreement between the simulation and measured data.

Figure 4.2: Measured and simulated force indices for 11 µm polystyrene spheres. The
x-axis is the amplitude of the peak registered by the sensing electrodes, S1, before the
DEP actuation, which is a measure of particles altitude in the channel (See Fig. 3.4b).
Good agreement between the measured and simulation results verifies the lift coefficient
value, C=0.031. Reproduced from [94], with the permission of AIP Publishing.

4.2.2

Measurement of the DEP Response of CHO cells

CHO cells are suspended in media with conductivities of 0.17, 0.3, 0.4, and 0.5 S/m and
the DEP response of individual cells are measured at frequencies 0.6, 1, 6, and 10 MHz in
each media. The measurement frequency range is selected to include the part of *+ ,-.

spectrum which exhibits the dispersion effects of the cells internal structure (see Fig.2.2).
Measurements at very low and very high frequencies are limited by our measurement setup.
Cells in the medium with the lowest ionic concentration, 0.17 S/m, were tested beforehand
to ensure their viability were not affected over the course of an experiment (approximately
an hour). The average measured force indices versus frequency for each medium is
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depicted in Fig. 4.3a with error bars representing the standard error of the mean. Each data
point is the average of force indices of approximately 400 individual cells. In this
experiment the system throughput is approximately 40 cells per minute. The values of

*+ ,-. corresponding to average measured force indices, obtained using COMSOL
simulations as described in sections 3.3 and 3.4, yields the result shown in Fig. 4.3b. Error
bars represent the deviation in simulation results when the particle velocity (which has
influence on the determination of the particle initial altitude) is set to one standard deviation
above and below the average velocity of measured cells.
4.2.3

Measurement of Cell and Nucleus size

The average diameter of cells is determined by optical imaging using a Cedex XS cell
analyzer (Innovatice, Germany) which provide the average diameter based on
approximately 150 viable cells. The average radius of CHO cells suspended in 0.17, 0.3.
0.4, and 0.5 S/m media was measured to be 5.9, 6.1, 6.0, and 6.2, respectively. In order to
determine the nucleus diameter, CHO cells were imaged in suspension using an inverted
differential interference contrast (DIC) microscope (Observer.Z1, Zeiss, Germany). A
typical cell image is shown in Fig. 4.1a. After analyzing the images of 40 cells (using the
ImagJ image processing program) the ratio of nucleus radius (average of major and minor

axes, major /minor=1.25) to cell radius is obtained as O$ ⁄O = 0.55. This is consistent with
other reported results [116].
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Figure 4.3: Average measured force indices for CHO cells suspended in media with
various conductivities. Each data point is the average of approximately 400 individual
cells. Error bars represent the standard error of the mean. (b) Re{KCM} corresponding
to the measured force indices as obtained from simulations. Error bars represent the
deviation in simulation results when the particle velocity is set to one standard deviation
above and below the average velocity of measured cells. Data points correspond to the
measured values in Fig. 4.3a. Solid lines show the calculated Re{KCM} spectrum using
the curve-fitted CHO double-shell model dielectric parameters as determined later (see
Table 4.1). Reproduced from [94], with the permission of AIP Publishing.

4.2.4

Cell Model Parameter Sensitivity Analysis

The double-shell model parameters of a CHO cell are extracted by curve fitting to the
measured spectrum for *+ ,-. employing an optimization method as described in section

4.1.1.B. The double-shell model requires optimization of ten parameters, assuming that the
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cell and nucleus radii are obtained by optical methods. An initial evaluation of the number
of parameters that can be reliably optimised is determined by sensitivity analysis while
testing the optimization process with sets of synthetic data. Due to interdependency and
insensitivity of some parameters for the frequency range and conductivities chosen in the
experiments the optimization algorithm is able to recover five parameters with less than
0.2% error. Fig. 4.4 shows the sensitivity factor for different cell parameters calculated
using Eq. (4.1) as their values vary over the following ranges: 10-7 <
3 <
15 <

< 20
$

< 90

F/m, 0.1<
F/m, 0.1<

!<

1.2 S/m , 50 <

! <90

$ < 4.8 S/m (which makes 1< $ /

< 10-5 S/m ,

F/m, 10-5 <
! <4), 50

$

< 10-2 S/m,

< $ < 130

F/m,

5 <d< 8 nm, 10 <dn< 40 nm. The range of variation for each parameter is chosen such that
it encompasses the values previously reported in literature for other mammalian cells [67],
[79], [111], [117]–[122]. Sensitivity of each parameter is calculated with respect to the
=1×10-6 S/m,

nominal values:
1×10-3 S/m,

$

= 86

F/m,

$/ M

= 2,

=11
$=

120

F/m,

!=

0.4 S/m,

!=

60

F/m,

$

=

F/m, d=7 nm, dne= 40 nm which are the

values obtained for normal lymphocyte cells [79], [111]. Since the medium conductivity
has a substantial influence, the sensitivities are presented for five media conductivities
(0.17, 0.3, 0.4, and 0.5 S/m media as employed in our measurements and a very low
conductivity medium, 0.01 S/m, which has been used in many other dielectric parameter
studies [67], [68], [114], [118], [122], [123]).
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Figure 4.4: Sensitivity factors of ten electrical and geometrical parameters for a
double-shell cell model as their values vary over specified ranges. The sensitivity of
each parameter is calculated with respect to the nominal values:
= 1×10-6 S/m,
-3
=11 F/m, d =7 nm,
F/m, $ = 1×10 S/m, $ = 86
! = 0.4 S/m,
! = 60
F/m, dne= 40 nm, $ / M = 2, $ = 120 F/m [79], [111]. Sensitivities are presented for
five media conductivities (0.17, 0.3, 0.4, and 0.5 S/m, as employed in our measurements
and one very low conductivity medium, 0.01 S/m). Reproduced from [94], with the
permission of AIP Publishing.
As our measurements are in the 0.6 – 10 MHz frequency range, the sensitivity to the
membrane conductivity is low as this parameter predominantly affects the low frequency
part of the *+ ,-.

spectrum (less than 200 kHz). Similarly, the cytoplasm and

nucleoplasm permittivities predominantly affect the high frequency part of the *+ ,-.

spectrum (greater than 50 MHz). Based on the sensitivity results in Fig. 4.4, membrane
permittivity, cytoplasm conductivity, nuclear envelope permittivity, nucleoplasm
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conductivity, and plasma membrane thickness are selected as parameters for optimization.
Among these parameters, cytoplasm conductivity is the most sensitive parameter for our
measured frequency range. In general the membrane thickness and permittivity have an
interdependency and in many cases is modeled as a membrane capacitance. In this work
we maintain them as separate parameters. The nuclear envelope thickness has a slight effect

on the *+ ,-. spectrum over our measured frequency range. We chose to fix the nuclear
envelope thickness to 40 nm, dn = 40 nm, which is the value reported in literature by optical

measurement of single nuclear pore permeability [124] and electron microscopy [117]. It
should be noted that the sensitivity to cell parameters (especially the nucleus and nuclear
envelope) is substantially lower for media with very low ionic concentration (less than 0.1
S/m). Therefore, parameters of a double-shell model extracted from measurements in a
very low conductivity medium may have lower accuracy.
4.2.5

CHO Double-shell Model Parameters

The final double-shell model parameters of CHO cells are given in Table 4.1. Seven
parameters are obtained by curve fitting to the measured data and optical measurements
(cell and nucleus sizes). Five remaining parameters, which our measurements are most
insensitive to,

,

!,

$

,

$,

and dne, are set to the values obtained for normal

lymphocyte cells [79], [111]. The reported parameters of three other mammalian cells
(leukocytes) obtained by time domain dielectric spectroscopy [111], frequency domain
dielectric spectroscopy [79], and electrorotation technique [121] are also presented in Table
4.1 for comparison.
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Table 4.1: Double shell-model parameters for CHO cells (and three other mammalian cells).
Reproduced from [94], with the permission of AIP Publishing.
Parameters

CHO

T lymphocytesa

Lymphocytesb

Monocytesc

Membrane permittivity (F/m)

8.5

11.1

6.8

8.6

cytoplasm conductivity (S/m)

0.42

0.65

0.32

0.56

Nuclear envelope permittivity (F/m)

23.2

85.6

28

N/A

Nucleoplasm conductivity (S/m)

1.50

1.26

1.35

N/A

Membrane thickness (nm)

5

7

7

N/A

Average cell radius (µm)

6.0

3.4

2.9

4.6

Nucleus radius / Cell radius

0.55

0.84

0.86

N/A

Membrane conductivity (S/m)

1×10-6

27.4×10-6

<10-5σcyt

1×10-4 d

Cytoplasm permittivity (F/m)

60

60

60

126.8

Nuclear envelope conductivity (S/m)

1×10-3

8.8×10-3

6×10-3

N/A

Nucleoplasm permittivity (F/m)

120

120

52

N/A

Nuclear envelope thickness (nm)

40

40

40

N/A

d

a)

Measured using time domain dielectric spectroscopy [111].
Measured using frequency domain dielectric spectroscopy [79].
c)
Measured using electrorotation technique employing a single-shell model [121].
d)
Assuming a membrane thickness of 5 nm.
b)

Our values of membrane permittivity and cytoplasm conductivity of CHO cells is close to
the values reported for other mammalian cells. Parameters for the nuclei of cells have been
investigated to a lesser extent and the reported values are scattered over a broader range.
Our obtained value for the nuclear envelope permittivity is close to references [79] and
[117]. We found that the nucleoplasm conductivity is substantially higher than the
cytoplasm conductivity. This is consistent with the findings in [41], [111] which describe
the nuclear envelope as a dynamic ion-selective membrane capable of maintaining ion
gradients across. A plot of *+ ,-. based on the extracted CHO model (Table 4.1) is given
in Fig. 4.3b showing the fit to the measured data.
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CHO cells have a much smaller nucleus (less than 20 percent of the cell volume) as
compared with leukocytes. Nevertheless, measurements in moderately conductive media
(which increases the sensitivity to nucleus parameters) enable us to accurately determine
the dielectric properties of the nucleus. Fig. 4.5 shows the simulated spectrum of *+ ,-.

for a CHO cell with parameters given in Table 4.1 and medium conductivity of 0.01 and
0.17 S/m (close to medium conductivities used in several pervious works [42], [54], [67],
[73], [74], [114], [122]). It demonstrates that changing the radius of the nucleus by 25
percent (while keeping all other parameters the same) causes a noticeable change in the
spectrum for medium conductivity 0.17 S/m. The effect on the spectrum for medium
conductivity 0.01 S/m is not discernible at frequencies less than 10 MHz and less
pronounced at higher frequencies. The single-shell model (membrane and cytoplasm with
no nucleus) spectrum is also shown in Fig. 4.5.

Figure 4.5: Simulated spectrum of Re{KCM} for a CHO cell with parameters from Table
4.1 in a medium with conductivity (a) 0.01 S/m and (b) 0.17 S/m (solid line). The effect
of changing the nucleus radius by 25 percent smaller (dashed line) and larger (dashdot line) on the spectrum as well as modeling the cell with a single-shell structure,
including only the membrane and cytoplasm, (dotted line) is demonstrated. Reproduced
from [94], with the permission of AIP Publishing.
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CONCLUSIONS
In this chapter we showed how the dielectric properties of CHO cells could be represented
accurately by a double-shell model. By measuring the DEP response of single CHO cells
along with optical measurements we reported values for CHO cells’ membrane
permittivity, membrane thickness, cytoplasm conductivity, nuclear envelope permittivity,
nucleoplasm conductivity, cell size, and nucleus size. The parameters reported are the most
sensitive ones over the frequency range of our experiments (0.6 – 10 MHz). Despite the
small size of CHO cell’s nucleus, it causes a discernable dispersion over our measured
frequency range for the chosen media conductivities. This enabled us to determine the
nucleus and nuclear envelope dielectric parameters fairly accurately.
The dielectric model developed for CHO cells in this chapter is used in chapters 5 and 6 to
obtain quantified results on how the cytoplasm conductivity of cells changes after
electroporation with pulses with various intensities.
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5. Chapter 5. Single Cell Cytoplasm Conductivity Change Induced
by Electroporation

In this chapter we present the results for measuring changes in the cytoplasm conductivity
of several individual cells subjected to pulses with various intensities using our DEP
cytometry technique. Individual cells are exposed to electroporating pulses and their DEP
response is measured before and after the pulse exposure. The electroporation induced
changes in the cells’ DEP response is then translated to changes in their cytoplasm
conductivity using numerical simulations.
MATERIALS AND METHODS
5.1.1

Cell Preparation

The Chinese Hamster Ovary (CHO) cell line (CHODG44-EG2-hFc/clone 1A7) used for
this study is kindly provided by Yves Durocher of the NRC, Canada (Bell et al., 2010).
The cells are maintained by passaging them every 2 – 3 days and growing them in 250 mL
baffled shaker flasks (VWR International, Radnor, PA) at 120 rpm in an incubator at 37°C
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with a 10% CO2 overlay. The culture medium used is BioGro-CHO serum-free (BioGro
Technologies, Winnipeg, MB) supplemented with 0.5 g/L yeast extract (BD, Sparks, MD),
4 mM GlutaMax I (Invitrogen, Grand Island, NY), and 1 mM glutamine (Sigma, St. Louis,
MO). For this study a sample of cells is taken from the shaker flask and centrifuged at
377xg for 1 min. The cell pellet is then re-suspended in fresh growth and low conductivity
(~0.067 S/m) medium [22.9 mM sucrose (Sigma), 16 mM glucose (Fisher), 1 mM CaCl2
(Fisher), 16 mM Na2HPO4 (Fisher)] (Polevaya et al., 1999) at a ratio of 1:15 to reach a
final conductivity of ~0.17 S/m as determined using a conductivity meter (Orion 3-Star
Plus, Thermo Scientific, Waltham, MA). While re-suspending the cell pellet, the sample
is diluted to a final concentration of 5x104 cells/mL.
5.1.2

Pulsed Electric Field Exposure

In our experiments a single cell is identified and then continuously shuttled back and forth
over the electrodes in the microfluidic channel. We first measure the cell’s DEP response
for several passes at 10 MHz (sensitive to cell’s internal conductivity) before
electroporation. Then, as the cell passes over the actuation region, we apply several 200 ns
rise-time and 100 µs duration trapezoidal pulses with an intensity in the range 0.7 to 2.4
kV/cm to the cell. The repetition rate of pulses is set to 100 or 200 Hz and the number of
applied pulses is dependent on the cell’s velocity as it passes over the actuation electrodes.
The total number of applied pulses is obtained by time analysis of the recorded sensing and
the pulse generator signals. In order to generate pulses with intensity in the range 0.7 to 2.4
kV/cm, pulsed voltages of amplitude 5 V to 15 V are applied to actuation electrodes. Fig.
5.1 shows simulation results of the amplitude profile of the electric field in the actuation
region at three different altitudes from the electrodes. For a specific pulse amplitude the
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intensity of the field applied to the cell is a function of its altitude in the channel and it is
determined by post analysis of the signal from the sensing electrodes. Immediately after
electroporation the DEP response of the cell is measured over a period of time as it
continues moving back and forth in the channel.
(a)
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Figure 5.1: Amplitude profile of the electric field in the actuation region at altitudes 16
µm (solid line), 14 µm (dashed line), and 12 µm (dotted line) from electrodes for applied
voltages of (a) 15 V, (b) 12 V, (c) 10 V, (d) 8 V, and. (e) 5 V.
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Calculation of Changes in Cells, Cytoplasm Conductivity

The measured force indices before and after electroporation for an individual cell are
related to the DEP force and hence *+ ,-. (Eq. (2.2)). Numerical simulation in COMSOL

Multiphysics 4.3 b Particle Tracking for Fluid Flow and Electric Currents modules is

performed to obtain *+ ,-. from the measured average force indices before and after
electroporation. Through simulation of the DEP and hydrodynamic forces (drag, lift, and

buoyancy) acting on a spherical cell with variable *+ ,-. (within the range -0.4 to 0.4)

in the microfluidic channel, we find the exit altitude (at the location of the second sensing
electrode, S2) of the cell. For each altitude change we estimate the corresponding
capacitance change of the sensing electrodes and hence the sensing signal and expected

force index. The cell’s *+ ,-. is determined by selecting among the simulated force

indices the one that is closest to the measured force index for the cell and finding its
corresponding *+ ,-. . The size, initial height, and initial velocity of the particle is

selected to match the measured values for each cell. Details of the numerical simulation is
provided in Chapter 3 sections 3.3 and 3.4.
With the DEP actuation at 10 MHz, *+ ,-. is mostly affected by the cell internal

conductivity. Employing the CHO dielectric model developed in Chapter 4, the percentage

change in *+ ,-. at 10 MHz for 10 percent change in different cell dielectric parameters
is summarized in Table 5.1. It is evident that the cytoplasm conductivity has the dominant
effect on *+ ,-. at the selected DEP frequency. It should be noted that the membrane

conductivity can be significantly affected by electroporation, however, its impact on
*+ ,-. at 10 MHz is insignificant. The cell and nucleus size have substantial effects on
*+ ,-. at our measurement frequency (10 MHz). Noticeable changes in the size of cells’
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nucleus induced by microsecond duration pulses have not been primarily observed in
previous studies and, therefore, we consider it invariable. Increase in the cell’s size may
occur because of electroporation. Using the information obtained from the sensing signal,
we consider its effect in our simulations (more details in the results section).
In order to determine the cells’ cytoplasm conductivity, σcyt, before and after
electroporation, we vary the value of σcyt in the double-shell dielectric model of CHO (with
other parameters remaining the same) such that the resulting *+ ,-. , calculated at 10

MHz, is close to the one obtained from our measurement.

Table 5.1: Relative change of Re{KCM } at 10 MHz for ten percent change in various cell
dielectric parameters. Dielectric model for a CHO cell from [94]
Parameter

Symbol

Membrane permittivity
Membrane conductivity
Cytoplasm permittivity
Cytoplasm conductivity
Nuclear envelope permittivity
Nuclear envelope conductivity
Nucleoplasm permittivity
Nucleoplasm conductivity
Nuclear envelope thickness
Nucleus radius
Membrane thickness
Cell radius
(a)

Medium conductivity,

!

!

$z $ƒ

$z $ƒ

$

$

K$z $ƒ
*$
K
* ]]

, and permittivity,

Nominal Value
8.5 (F/m)
1×10-6 (S/m)
60 (F/m)
0.42 (S/m)
23.2 (F/m)
1×10-3 (S/m)
120 (F/m)
1.50 (S/m)
40 (nm)
3.3 (nm)
5 (nm)
6 (nm)

, are set to .017 (S/m) and 78

Change of *+ ,-.
at 10 MHz (%) (a)
0.3
0.0002
0.005
12
1.65
0.058
0.028
0.89
1.24
4.6
0.22
3.2

(F/m), respectively.

RESULTS AND DISCUSSION
5.2.1

DEP Measurement of Electroporated Cells

Several individual cells are captured and continuously shuttled back and forth in the
microfluidic channel and their DEP response to 100 µs duration pulsed electric fields (PEF)
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with intensity 0.7 – 2.4 kV/cm is measured. Six to eight pulses (depending on the cell
velocity) with repetition rate 100 Hz is applied to each cell. For two cases with the highest
intensity (2.2 kV/cm) 15 pulses with repetition rate 200 Hz is employed. For each cell
measurement the DEP signal is recorded for every pass of the cell over the electrodes. At
first no DEP is applied to the cell which results in force indices close to zero (Fig. 5.2a).
Then a 10 MHz and 7 Vpp sinusoidal DEP voltage is applied to the actuation electrodes to
measure the cell’s average force index before the electroporation. The cell’s DEP response
before pulse exposure is measured for approximately one minute. Then, a multiple pulse
voltage with desired amplitude is applied to the actuation electrodes and the cell
experiences the PEFs as it passes once over the actuation region. The amplitude of the
applied electric field is obtained from simulation of the field intensity in the channel after
finding the altitude of the cell during the pulse exposure pass. After pulse application the
actuation electrode voltage is set back to a 10 MHz and 7 Vpp sinusoidal signal and the
cell’s average force index after electroporation is measured. The first measurement is a few
seconds after the pulse exposure (the time required for the cell to return in the channel and
reach the electrodes). Fig. 5.2 shows an example measurement result for a cell subjected to
seven pulses with amplitude 1.5 kV/cm over a time period of six minutes. Each bar in Fig.
5.2a corresponds to one pass of the cell over the electrodes. Red lines represent the average
of force indices with error bars being the standard deviation. With no DEP application
(initial 30 seconds) the average force index is close to zero. During the DEP application
(next 100 seconds) the cell experiences a pDEP force resulting in positive force indices.
After the pulse exposure the cell still experiences a pDEP force, however, the average force
index is significantly smaller. The raw data showing example signatures of the cell as it is
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cycled over the electrodes right before electroporation, during the pulse application, and
after electroporation is presented in Fig. 5.3. There are fluctuations in the measured force
indices since the cells are not perfectly spherical and they rotate as they move back and
forth [125], they have an inhomogeneous and asymmetric internal structure, and there is a
slight variation in the height and velocity of the cell over time. However, the measured
change in the average force indices before and after electroporation is considerably larger
than the fluctuations. The amplitude of P1 and the cell’s velocity over the measurement
period are plotted in Fig 5.2b and c, respectively. We use these plots to obtain the height
and velocity information required for post processing simulations. The sensing signal
recorded during no DEP actuation is used to estimate the initial average velocity of the cell
and hence its initial equilibrium altitude in the channel. During the DEP application, the
cell is forced out of its equilibrium altitude and as it is shuttled back in the channel toward
the electrodes it may not reach the equilibrium due to the short travel distance. Therefore,
the equilibrium altitude calculated for the no DEP actuation case is not valid to be used in
simulations with DEP actuation. During the time period that the DEP is applied, we
estimate the average (over several passes) entrance altitude (h1) of the cell using the
information in the peak amplitude from the first sensing electrodes, P1 (using the plot of
∆C versus altitude since P1 is proportional with ∆C).
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(a)

(b)

(c)

Figure 5.2: Example of measured results for a single CHO cell shuttled back and forth
over the electrodes array in the microfluidic channel with σe=0.17 S/m and subjected
to seven 100 µs pulses with amplitude 1.5 kV/cm and repetition rate 100 Hz. (a)
Measured force indices before and after electroporation. Each bar represents one pass
of the cell over the electrodes. The red lines indicate the average with the error bars
being the standard deviation. Before the DEP application (shown by a dashed black
line) the force index is approximately zero. After DEP application (at 10 MHz) the cell
experiences a strong pDEP force. After electroporation (shown by a solid black line)
the intensity of the pDEP force decreases. (b) Amplitude of the peak, P1, recorded by
the first sensing electrode pair (located before the DEP electrode). This plot is used to
estimate the average altitude of the cell in the channel before and after electroporation
(required for post-processing simulations). (c) Velocity of the cell as it moves back and
forth in the channel. Fluctuations in the velocity causes slight changes in the cell’s
altitude and amplitude of P1.
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Figure 5.3: Example signatures of the cell in Fig. 5.2 as it is cycled over the sensing
electrodes. The first signature is for the cell actuated by a DEP force before
electroporation. The second signature is when electroporation is applied (during this
period pulsed electric voltages are applied to the actuation electrodes). The third and
fourth signatures are for the cell actuated by a DEP force after electroporation. These
signatures are used to obtain the force indices, peak amplitudes, and velocity
information plotted in Fig. 5.2.

Measurements are performed on more than 20 individual cells subjected to PEFs with
intensities close to 0.7, 1.2, 1.5, 1.8, and 2.2 kV/cm. Fig. 5.3-5.7 presents the gradual
change of force index before and after electroporation for application of pulses with
intensities 2.2 kV/cm (Fig. 5.3), 1.8 kV/cm (Fig. 5.4), 1.5 kV/cm (Fig. 5.5), 1.2 kV/cm
(Fig. 5.6), and 0.7 kV/cm (Fig. 5.7).
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Pulses applied
No DEP

DEP before EP

DEP after EP

Figure 5.4: Force index vs. time for two CHO cells (top and bottom) before and after
exposure to 100 µs, 2.2 kV/cm pulses. In each case the force index is shown for three
states: (i) no DEP actuation (before the dashed black line), (ii) 10 MHz DEP actuation
before the application of pulses (between the dashed and solid black lines), and (iii) 10
MHz DEP actuation after application of pulses (after the solid black line). The mean
of φ before and after pulse exposures is shown by red lines with the error bar being the
standard deviation.
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Pulses applied
No DEP

DEP before EP

DEP after EP

Figure 5.5: Force index vs. time for two CHO cells (top and bottom) before and after
exposure to 100 µs, 1.8 kV/cm pulses. In each case the force index is shown for three
states: (i) no DEP actuation (before the dashed black line), (ii) 10 MHz DEP actuation
before the application of pulses (between the dashed and solid black lines), and (iii) 10
MHz DEP actuation after application of pulses (after the solid black line). The mean
of φ before and after pulse exposures is shown by red lines with the error bar being the
standard deviation.
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Pulses applied
No DEP

DEP before EP

DEP after EP

Figure 5.6: Force index vs. time for two CHO cells (top and bottom) before and after
exposure to 100 µs, 1.5 kV/cm pulses. In each case the force index is shown for three
states: (i) no DEP actuation (before the dashed black line), (ii) 10 MHz DEP actuation
before the application of pulses (between the dashed and solid black lines), and (iii) 10
MHz DEP actuation after application of pulses (after the solid black line). The mean
of φ before and after pulse exposures is shown by red lines with the error bar being the
standard deviation.
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Pulses applied
No DEP

DEP before EP

DEP after EP

Figure 5.7: Force index vs. time for two CHO cells (top and bottom) before and after
exposure to 100 µs, 1.2 kV/cm pulses. In each case the force index is shown for three
states: (i) no DEP actuation (before the dashed black line), (ii) 10 MHz DEP actuation
before the application of pulses (between the dashed and solid black lines), and (iii) 10
MHz DEP actuation after application of pulses (after the solid black line). The mean
of φ before and after pulse exposures is shown by red lines with the error bar being the
standard deviation.
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Pulses applied
No DEP DEP before EP

DEP after EP

Figure 5.8: Force index vs. time for two CHO cells (top and bottom) before and after
exposure to 100 µs, 0.7 kV/cm pulses. In each case the force index is shown for three
states: (i) no DEP actuation (before the dashed black line), (ii) 10 MHz DEP actuation
before the application of pulses (between the dashed and solid black lines), and (iii) 10
MHz DEP actuation after application of pulses (after the solid black line). The mean
of φ before and after pulse exposures is shown by red lines with the error bar being the
standard deviation. In this case the pulse amplitude is not sufficiently strong to affect
the cell.

It is evident that changes in φ after pulse applications is highly dependent on the intensity
of applied pulses. The mean and standard deviation of force indices before and after
electroporation for each pulse amplitude is listed in Table 5.2.
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Table 5.2: Mean and standard deviation of force indices (φ) before and after
electroporation for results of Fig. 5.3-5.7.
Pulse Amplitude

std of φ
mean of φ
before pulse before pulse
exposures
exposure

mean of φ
after pulse
exposures

std of φ after
pulse exposures

Cell A1

0.46

0.08

0.01

0.03

Cell A2

0.36

0.09

-0.01

0.04

Cell B1

0.28

0.08

0.06

0.04

Cell B2

0.44

0.11

0.10

0.05

Cell C1

0.43

0.06

0.17

0.06

Cell C2

0.46

0.08

0.20

0.08

Cell D1

051

0.10

0.24

0.07

Cell D2

0.45

0.15

0.27

0.06

Cell E1

0.34

0.05

0.34

0.05

Cell E2

0.84

0.07

0.82

0.07

2.2 kV/cm

1.8 kV/cm

1.5 kV/cm

1.2 kV/cm

0.7 kV/cm

The results show larger change in φ (and thus *+{,-. }) for stronger pulses. For

comparison, the time evolution of the normalized force indices (4-point moving average)
for five cells subjected to these pulses are shown in Fig. 5.8. For pulse amplitudes 0.7 – 1.8
kV/cm the cells are subjected to six or seven pulses with repetition rate 100 Hz. For pulse
amplitude 2.2 kV/cm the cell is subjected to fifteen pulses with repetition rate 200 Hz.
Comparable behavior is observed for other cells subjected to similar pulse amplitudes. It
is noted that while electric fields above 1.2 kV/cm cause measurable change in the force
index (and dielectric properties) of cells, a 0.7 kV/cm field intensity is not sufficiently
strong to affect the cells. This is consistent with findings in other reports [31], [50], [56],
[58]–[60], [126] where similar pulses are employed and optical techniques are used to
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measure the permeability of dyes into cells due to electroporation. As an example, in [42]
B16F10 cells in a medium with conductivity 0.125 S/m are electroporated using 8, 100 µs
duration rectangular pulses with amplitudes 1.2 kV/cm, 1.5 kV/cm, and 1.8 kV/cm. In their
study a population of cells is electroporated in an electroporation cuvette and then it is
loaded into a DEP chamber where a DEP force is applied to cells and the shift in the first
cross-over frequency is monitored approximately five minutes after pulse applications.
Their results show an increase in the first cross-over frequency after electroporation.
However, they do not correlate the shift in cross-over frequency to the amplitude of applied
pulses. In their study the electroporation of cells is confirmed by fluorescent imaging in a
flow cytometer. Using PI fluorescent dyes they confirm an increase in the fluorescence
intensity of cells electrporated by stronger pulses. They attribute this to higher extent
electroporation and more uptake of PI. The temporal response of cells presented in Fig. 5.8
suggests a time constant associated with the conductivity change of cells ranging from 3 to
30 seconds depending on the pulse amplitude. This agrees with the results recently
published by Son et al. [86] based on the numerical modeling of electroporation which
demonstrate that the transport of Calcium ions into a cell continues up to 10 s after
application of a single 100 µs duration pulse with amplitude 1 kV/cm. In their simulations
the lifetime of pores is assumed to be 4 s, however, after resealing the pores remain (at

their minimum size ∼1 nm) for a long time (more than 20 s) [86]. Using Thallium ions

with fluorescent microscopy (preloading cells with a dye which fluoresces upon entry of

Thallium cations into cells after electroporation), Bowman et al. have reported a lifetime
in the range of 10 minutes for nanopores created by nanosecond duration pulses [33]. The
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result presented here can be used to infer information about the density and resealing time
of very small size pores and their relation with the intensity of applied pulses.

Figure 5.9: Normalized force indices (4-point moving average) for four cells subjected
to six or seven 100 µs duration pulses with amplitude 0.7, 1.2, 1.5, and 1.8 kV/cm and
repetition rate 100 Hz and one cell subjected to fifteen 100 µs duration pulses with
amplitude 2.2 kV/cm and repetition rate 200 Hz. Solid lines represent an exponential
fit to the measured data points. The dashed line indicates when the electroporation
pulse is applied. Medium conductivity is 0.17 S/m.

Cell swelling has been associated with conventional electroporation (pulses in millisecond
and microsecond duration range) in several previous studies [42], [80]. While Zhuang et
al. reported no significant change in cells’ size after electroporation with 8, 100 µs, 1.1
kV/cm pulses [53] Moisescu et al. observed thirty percent increase in cells’ diameter after
exposure to 8, 100 µs, 1.8 kV/cm pulses [42]. Golzio et al. also reported an increase in
cells’ diameter by thirty percent caused by 5ms, 0.8 kV/cm pulses [80]. In our experiments
expansion in the cells’ size is observed for PEFs with amplitude greater than 1.8 kV/cm
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and we consider it in our simulations. This observation is based on noticeable increase in
the amplitude of P1 immediately after electroporation without significant decrease in the
cells’ velocity (due to the parabolic flow velocity profile in the channel lower cell velocity
correlates with lower altitude in the channel and hence larger amplitude of P1). Increase in
size of cells after electroporation with strong fields has an impact on their DEP response.
The cell’s size affects the DEP force acting on it directly (since r

¡¢

is proportional to the

cell volume) as well as through *+{,-. }. Although cell enlargement may occur after

electroporation this effect is not sufficient to explain the significant changes observed in
our experiments. Cell swelling is observed only for strong field applications (pulses of 1.8
kV/cm or larger) for which our results demonstrate dramatic decrease of force index to

s ≈ 0, corresponding to *+{,-. } ≈ 0.
5.2.2

Cytoplasm conductivity analysis

Electroporation induced changes in the DEP response of cells, presented in Fig. 5.3-5.7
and Table 5.2, are attributed primarily to changes in cells’ internal conductivity since the

DEP actuation is performed at 10 MHz (*+{,-. } is dominantly influenced by the cell

cytoplasm conductivity at this frequency). The cytoplasm conductivity of each cell before

and after electroporation in a medium with conductivity σe=0.17 S/m is obtained by
numerical simulation (explained in section 5.1.3) and is plotted in Fig. 5.9. In simulations
the nucleoplasm conductivity, σn, is chosen such that the ratio σn/σcyt is maintained at the
value for untreated CHO cells while other cell parameters are remained at their nominal
values given in Table 4.1. This is because previous studies suggest that the nuclear
envelope is capable of maintaining the ion concentration gradient between the nucleus and
cytoplasm [41], [111]. Square data points indicate cytoplasm conductivities before PEF
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application. Solid circle data points represent cells subjected to 6-8 pulses with repetition
rate 100 Hz and the empty circle data points represent cells subjected to fifteen pulses with
repetition rate 200 Hz. The average cytoplasm conductivity of cells before electroporation
is 0.34 S/m with standard deviation 0.04 S/m. There is a slight variation in the initial
conductivity of selected cells as they may be at different phases of their growth cycle. In
all cases cytoplasm conductivity decreases after electroporation and pulses with higher
intensity cause a larger decrease in the cell’s internal conductivity. Given that the ion
concentration in the suspension medium ( = 0.17 S/m) is less than in the cell’s cytoplasm,
electrodiffusion during pulse application and diffusion during the pore resealing period
result in a large efflux of ions (predominantly potassium, sodium, chloride) from the cell.
This happens to a larger extent with higher intensity pulses since they create a larger
number of pores in the cell membrane (providing more pathways for ion transport) and
cause a larger drift induced current. In our experiments the lowest internal conductivity
obtained for cells after electroporation is approximately 0.15 S/m. Increasing the number
of pulses to fifteen (empty circle data points in Fig. 5.9) or applying two sets of fifteen
pulses with a three second interval (data not shown) does not lead to further decrease in the
cytoplasm conductivity. Although the obtained limit for decrease in the cells’ internal
conductivity, 0.15 S/m, is close to the external medium conductivity, 0.17 S/m, it does not
imply equilibrium of ion concentrations inside and outside the cell. Since the mobility of
ions inside the cell is significantly lower than the suspension medium (by a factor of 3 to
4) [127], [128] similar ion concentration inside the cell as in the external medium would
results in a conductivity approximately 0.05 S/m. One possible explanation for this lower
limit is the presence of large and relatively immobile negative ions inside the cell which
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attract mobile positive ions (mainly sodium and potassium) to maintain the cell electrical
neutrality. The concentration of immobile negative ions inside CHO cells is calculated,
using the Goldman equation, osmolality balance, and electrical neutrality [129] to be 69
mM with an average electrical charge 1.07, [X]-1.07. The required concentration of Na+ or
K+ inside a cell to maintain the cell electrically neutral is 74 mM which results in an internal
conductivity approximately 0.1 S/m. A decrease in the cytoplasm conductivity to 0.1 S/m
is reported in another study [41] where the dielectric parameters of a population of
electroporated cells (in a medium with conductivity 0.1 S/m) were measured using timedomain dielectric spectroscopy technique. Although the result is for nanosecond duration
pulse applications it is consistent with the finding here.
The measurement results for the cells in Fig. 5.9 is summarized in Table 5.3.

Figure 5.10: Cytoplasm conductivity of single cells before and after exposure to 100
µs duration pulses with various intensities. Solid markers represent the results for
applying six to eight pulses with repetition rate 100 Hz and open markers show the
results for fifteen pulses with repetition rate 200 Hz.
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Table 5.3: Summarized measurement results for the cells in Fig. 5.9.
Altitude in channel
(µm)

Amplitude of pulses
(kV/cm)

Number of
pulses

Conductivity before
EP (S/m)

12.1
14.9
15.3
15.2
15.3
14.2
16.1
16.1
18.1
17.5
18.5

2.4
2.2
2.2
1.8
1.8
1.5
1.4
1.2
1.1
0.7
0.7

8
15
15
7
6
7
7
6
6
6
6

0.31
0.36
0.29
0.31
0.28
0.35
0.41
0.39
0.35
0.33
0.34

Conductivity after
EP (S/m)
0.15
0.15
0.15
0.19
0.18
0.22
0.25
0.29
0.27
0.33
0.33

To verify that the obtained limit on the decrease of cells internal conductivity after
electroporation, 0.15 S/m, is not related to the employed medium conductivity, we place
cells in a lower conductivity medium (σe=0.05 S/m) and perform similar experiments.

Single cells are exposed to eight 100 µs duration pulses with amplitude 2.2 kV/cm. Fig.

5.10 shows the results for two cells. It is evident that the force indices and subsequently

*+{,-. } decreases after electroporation. The force index does not reach zero (or close to

zero) after electroporation implying that not all the internal ions (the mobile ones that
contribute in the internal conductivity) defuse out of the cell to the medium with very low
ionic concentration. This confirms that with reversible electroporation there is a limit on
the out flow of ions to the external medium. With the cells internal conductivity

approximately 0.42 S/m corresponding to *+{,-. }=0.68 (for medium with conductivity
0.05 S/m) before electroporation, and assuming a linear relationship between force index
and *+{,-. }, we obtain the cell’s cytoplasm conductivity after electroporation as

approximately 0.13 S/m. This is close to the result obtained for cells in a medium with
conductivity 0.17 S/m.
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Pulses applied
DEP before EP

DEP after EP

Figure 5.11: Force index vs. time for two CHO cells (top and bottom) before and after
exposure to 100 µs, 2.2 kV/cm pulses in a medium with conductivity 0.05 S/m. In each
case the force index is shown for two states: (i) 10 MHz DEP actuation before the
application of pulses (before the solid black line), and (ii) 10 MHz DEP actuation after
application of pulses (after the solid black line). The mean of φ before and after pulse
exposures is shown by red lines with the error bar being the standard deviation.

5.2.3

Heat Effect of Electroporation

To verify that electroporation pulses do not heat the sample, causing thermal effects, a
simulation is performed using COMSOL Multiphysics Heat Transfer module. Static fluid
in the channel is assumed in our simulation which may lead to an overestimation of
temperature increase in the channel (worst case scenario). Fig. 5.11 shows the maximum
temperature in the channel during and after applying a 100µs duration, 2.2 kV/cm
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amplitude trapezoidal pulse (starting at t=1 µs) with the same rise-time and intensity as the
ones in the experiments. A maximum temperature increase of 0.45 K occurring during the
pulse application verifies no heat associated effects. Also, the temperature settles to almost
its initial value after 10 ms (for a repetition rate of 100 Hz the pulses are applied every 10
ms) assuring a negligible average temperature increase in case of repetitive pulse
applications.

Figure 5.12: Maximum temperature in the channel during and after applying an EP
pulse of 100 µs duration, 2.2 kV/cm intensity, and 200 ns rise-time (the pulse starts at
t=1 µs).

CONCLUSIONS
In this chapter we presented quantitative results for changes in the cytoplasm conductivity
of single cells subjected to pulsed electric fields with various intensities. We observed that
when electroporation is performed in a medium with lower ionic concentration than cells
cytoplasm, the internal conductivity of cells decreases after electroporation and its value
depends on the intensity of applied pulses. We also observed that with reversible
electroporation there is a limit on the decrease in the cells’ internal conductivity suggesting
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that some ions always remain inside the cell independent of the strength and number of
applied pulses. We hypothesize the reason for this is the presence of large and relatively
immobile negative ions inside the cell which attract mobile positive ions (mainly sodium
and potassium) to maintain cell electrical neutrality. We monitored the temporal response
of cells after electroporation to measure the time constant of changes due to ion transport
and observed it ranges from seconds to tens of seconds depending on the applied pulse
intensity. Only minimum-size pores exist during this time period and this observation is
based on the transport of appropriately sized ions that can pass through these pores. This
result can be used to infer information about the density and resealing time of very small
pores (not measurable with conventional marker molecules) and their relationship with the
intensity of applied pulses.
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6. Chapter 6. Effect of Medium Conductivity

The results presented in chapter 5 showed how cells’ internal conductivity is affected by
electroporation when suspended in a medium with conductivity 0.17 S/m (lower than the
typical cytoplasm conductivity of cells, 0.42 S/m). In order to study the effect of medium
conductivity, we suspend cells in media with conductivities close to cells typical internal
conductivity (0.4 S/m) and extremely lower (0.001 S/m) and perform electroporation and
DEP studies on them.
ELECTROPORATION IN MEDIUM WITH CONDUCTIVITY 0.4 S/m
In this section we study the effect of using a high conductivity medium on the
electroporation of cells and their final internal conductivity. Although a high conductivity
growth media used for cell culturing (σe≈1.5 S/m) is ideal to use in this experiment we are
limited to a medium with maximum conductivity σe=0.4 S/m due to the electrolysis of
water by the high electric field required for electroporation. This is often why many studies
are done at much lower conductivities. The medium conductivity 0.4 S/m is close to the
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internal conductivity of a healthy CHO cell. This medium is prepared by mixing fresh
growth and low conductivity (~0.067 S/m) medium [22.9 mM sucrose (Sigma), 16 mM
glucose (Fisher), 1 mM CaCl2 (Fisher), 16 mM Na2HPO4 (Fisher)] (Polevaya et al., 1999),
at a ratio of 7.6:24.4.
The measured results for three cells subjected to 100 µs duration pulses with an amplitude
approximately 1.5 kV/cm (the highest intensity we could apply without electrolysing the

water) is shown in Fig. 6.1 and summarized in Table 6.1. It is observed that the cells
experience electroporation and their force indices noticeably decreases after
electroporation. The force indices of all three cells obtain negative values eventually after
electroporation confirming that the cells internal conductivity can decrease to lower than
the medium conductivity. This was not observed in the medium 0.17 S/m because the
internal conductivity of CHO cells cannot decrease below 0.15 S/m after a reversible
electroporation (as observed and explained in section 5.2.2). The cells electroporated in
medium 0.4 S/m have higher internal conductivity after electroporation compared to the
ones subjected to similar pulses in a medium 0.17 S/m (see Table 5.3). The reason could
be the higher concentration of ions in the medium 0.4 S/m which can transport into the cell
through the created pores. Similar to electroporation in medium 0.17 S/m, time-dependent
changes in the DEP response of cells after electroporation is evident for all three cells in
Fig. 6.1 reflecting the time period that ions transport through minimum-size pores.
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Pulses applied
No DEP

DEP before EP

DEP after EP

Figure 6.1: Force index vs. time for three CHO cells (top to bottom) before and after
exposure to 100 µs, 1.5 kV/cm pulses in a medium with conductivity 0.4 S/m. In each
case the force index is shown for three states: (i) no DEP actuation (before the dashed
black line), (ii) 10 MHz DEP actuation before the application of pulses (between the
dashed and solid black lines), and (iii) 10 MHz DEP actuation after application of
pulses (after the solid black line). The mean of φ before and after pulse exposures is
shown by red lines with the error bar being the standard deviation.
Table 6.1: Summarized measurement results for the cells in Fig. 6.1.
Altitude in channel
(µm)

Amplitude of pulses
(kV/cm)

Number of
pulses

Conductivity before
EP (S/m)

13.0
13.6
13.8

1.5
1.5
1.5

10
10
9

0.53
0.43
0.37

Conductivity after
EP (S/m)
0.32
0.29
0.29
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ELECTROPORATION IN MEDIUM WITH CONDUCTIVITY 0.001 S/m
In dielectric study of biological phenomena (in vitro studies) it is desired to have cells in a
very low conductivity medium in order to decrease the electrode polarization effect. This
is also the case to avoid electrolysis of water when very high short time-scale PEFs is
studied. In this section we study electroporation of cells suspended in a medium with
conductivity 0.001 S/m.
6.2.1

Cell Preparation

The cell preparation procedure is slightly different than that described in sections 5.11 and
6.1. The Chinese Hamster Ovary (CHO) cell line (CHODG44-EG2-hFc/clone 1A7) used
for this study is kindly provided by Yves Durocher of the NRC, Canada (Bell et al., 2010).
The cells are maintained by passaging them every 2 – 3 days and growing them in 250 mL
baffled shaker flasks (VWR International, Radnor, PA) at 120 rpm in an incubator at 37°C
with a 10% CO2 overlay. The culture medium used is BioGro-CHO serum-free (BioGro
Technologies, Winnipeg, MB) supplemented with 0.5 g/L yeast extract (BD, Sparks, MD),
4 mM GlutaMax I (Invitrogen, Grand Island, NY), and 1 mM glutamine (Sigma, St. Louis,
MO). For this study a cell sample is taken from the shaker and centrifuged at 377xg for 1
min. The cell pellet is then washed two times with a very low conductive medium [229
mM sucrose (Sigma), 16 mM glucose (Fisher)] and re-suspended in the same medium
adjusted to a conductivity of ~0.001 S/m with 6 μL 1X PBS (Gibco) and 9.5 μL 0.1 M
NaOH (Fisher) as determined using a conductivity meter (Orion 3-Star Plus, Thermo
Scientific, Waltham, MA). While re-suspending the cell pellet, the sample is diluted to a
final concentration of 105 cells/mL for single cell studies and 2ₓ106 cells/ml for bulk
studies. The viability of cells suspended in medium 0.001 S/m over time is tested by Trypan
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blue staining method using a Cedex XS cell analyzer (Innovatice, Germany) and it is
verified to remain above 92% for at least 60 minutes. In all measurement results presented
in the next sections cells do not remain in the 0.001 S/m medium for longer than 45
minutes.
6.2.2

Single Cell Electroporation Measured by DEP Study

Several single CHO cells are shuttled back and force in the microfluidic channel and their
DEP response is studied before and after electroporation with 8-10 pulses with 100 µs

duration and 3 kV/cm intensity. In this case the DEP study is performed at 20 MHz since
our simulations show that at very low conductivity media (0.001 S/m) *+{,-. } is more

sensitive to the cytoplasm conductivity at 20 MHz. The measured force indices versus time

is shown in Fig. 6.2. It is observed that, unlike electroporation in 0.05, 0.17, and 0.4 S/m
media, no significant change in the DEP response of cells is observed in this medium for
the measured time (approximately one minute) after pulse applications. Despite the very
strong pulses employed, electroporation effects cells to a very low extent in this case since
the high medium resistance (due to its very low conductivity) increases the charging time
constant of the membrane and does not allow it to reach the required voltage of
electroporation. Similar observations are reported in [130]–[132] showing that in very low
conductivity media larger electric fields are required to achieve a similar extent of
electroporation as compared with electroporation in high or moderately high conductivity
media. In the case of a spherical cell in a uniform electric field, the time dependent response
of the transmembrane potential to a PEF can be calculated theoretically [133] and is plotted
in Fig. 6.3 for four different suspending medium conductivities. It is evident that the
transmembrane potential reaches the required threshold of electroporation (approximately
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1 V) quickly after the start of the pulse (the pulse starts at time zero) in media 0.05, 0.17,
and 0.4 S/m while in medium 0.001 S/m it occurs almost at the end of the pulse. Our
observation is in agreement with this theoretical prediction.

Pulses applied
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Figure 6.2: Force index vs. time for three CHO cells before and after exposure to ten,
nine, and eight (from top to bottom) 100 µs, 3 kV/cm pulses in a medium with
conductivity 0.001 S/m. In each case the force index is shown for two states: (i) 20 MHz
DEP actuation before the application of pulses (before the solid black line), and (ii) 20
MHz DEP actuation after application of pulses (after the solid black line). The mean
of φ before and after pulse exposures is shown by red lines with the error bar being the
standard deviation.
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Figure 6.3: Time dependent response of the transmembrane potential to a pulsed
electric field for a spherical cell in a uniform electric field for four different suspending
medium conductivities. The pulse starts at time zero and continues for 100 µs. The
transmembrane potential reaches the required voltage of electroporation (~1 V) within
a few microseconds for media 0.4, 0.17, and 0.05 S/m while in medium 0.001 S/m, this
occurs at the end of the pulse.

6.2.3

Bulk Electroporation Measured by Dye Exclusion and DEP Cytometry

In order to verify our results with a standard biological technique we build a microfluidic
device to perform bulk electroporation and study the sample using a dye exclusion
technique. The microfluidic device is fabricated by cutting a 3 mm wide serpentine channel
from a polymer sheet with adhesive coating on both sides and sandwiching it between two

gold coated glass slides. The height of the channel is measured approximately 160 µm.
Access to the channel is provided by drilling inlet and outlet holes in the top glass slide and
cells are introduced to the channel using a syringe pump. Cells in the channel are subjected

to eight PEFs with 100 µs duration and various intensities generated by an Agilent function
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generator and amplified by a high-voltage amplifier (Model 9400, Tabor Electronics).
Experiments are performed only on cells in a medium with conductivity 0.001 S/m due to
a limitation on the output current of the amplifier. After electroporation, cells are pumped
out of the channel and collected for dye exclusion and DEP studies. Collected cells remain
in the 0.001 S/m medium at room temperature for all subsequent Trypan blue tests. At

times 1, 2, 5, and 10 minutes after pulse application, 20 µl of the sample is taken and mixed

with the staining dye in a 1:1 ratio and the number of stained cells is counted using a Cedex

XS cell analyzer (Innovatice, Germany). In DEP studies, cells are diluted with 0.001 S/m
to a concentration 105 cells/ml and loaded to the DEP cytometry apparatus within a minute
after pulse application. Approximately 300 single cells are analysed over a period of 18
minutes. Control studies follow similar procedures except that no pulses are applied to
cells. Fig. 6.4 shows the results of dye exclusion and DEP studies for pulse amplitudes 0.6,
0.9, 1.5, and 1.8 kV/cm. DEP studies are performed continuously for 18 minutes, however,
in order to make it comparable with the Trypan blue exclusion tests we take the average of
periods t<3.5, 3.5<t<8.5, 8.5<t<13.5, 13.5<t<18.5 to represent time points 1, 6, 11, and 16
minutes after electroporation, respectively.
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Figure 6.4: (a) Percentage of cells not stained by Trypan blue after exposure to eight
100 µs duration pulses with various amplitudes. Cells are suspended in a medium with
conductivity 0.001 S/m. (b) Force index versus time for single cells subjected to a DEP
force at 10 MHz after electroporation with eight 100 µs duration pulses with various
amplitudes. Each data point is the average of approximately 70 single cells. DEP
studies are performed continuously for 18 minutes (starting at 1 minute after pulse
application) and the average of periods t<3.5, 3.5<t<8.5, 8.5<t<13.5, 13.5<t<18.5 is
taken to represent time points 1, 6, 11, and 16 minutes after electroporation,
respectively.

The results of the Trypan blue test show no significant difference between the control and
electroporated cells one minute after electroporation. This could be due to either reversible
electroporation or no significant electroporation. Cells subjected to 1.5 and 1.8 kV/cm start
to take up Trypan blue after 2 minutes while the control and low amplitude pulsed cells
remain impermeable to the dye. The control cells and those subjected to 0.6 kV/cm remain
more than 90% impermeable to Trypan blue during the ten-minute measurement period.
Similar results is obtained from the DEP cytometer. While the control and low amplitude
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pulsed cells show no significant change in their DEP response (cytoplasm conductivity)
the ones subjected to 1.5 and 1.8 kV/cm show decrease in the measured force indices. This
is due to efflux of ions through the membrane and, hence, lower internal conductivity.
From these observations and the result of single cell electroporation presented in Fig. 6.2,
we conclude that in a medium with very low conductivity (0.001 S/m) the pulses employed
in our experiments create a small number of pores in cells’ membrane which is not
sufficient for quick uptake of Trypan blue. As an explanation for the uptake of trypan blue
after few minutes, we hypothesize the reason is that the pores fail to reseal and they expand
to larger radii since the low conductivity medium does not have the essential ions to
maintain the cells functionality. This results in the gradual increase in the permeability of
the staining dye into cells as observed by the Cedex cell analyzer as well as leakage of ions
out of cells (by diffusion) as observed by the DEP cytometer. This hypothesis was verified
by electroporating cells using pulses of 1.5 kV/cm and then immediately resuspend them
in a regular growth medium. Trypan blue tests show that the resuspended cells remain
impermeable to the staining dye over ten-minute measurement period confirming no
damage to the cells’ membrane.
CONCLUSIONS
In this chapter we studied the electroporation of cells and its effect on their internal
conductivity when cells were subjected to PEF in media with conductivities 0.4 S/m (close
to internal conductivity of healthy CHO cells) and 0.001 S/m (extremely lower than cells’
internal conductivity). In the case of electroporation in medium 0.4 S/m, we observed a
decrease in the internal conductivity of cells after electroporation and a time dependent
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behavior similar to the results presented in the previous chapter for electroporation in a
medium with conductivity 0.17 S/m. We also observed that the internal conductivity of
cells decreased to lower than the external medium conductivity. In the case of
electroporation in medium 0.001 S/m, we observed no significant changes in the internal
conductivity of cells immediately after electroporation with pulse intensities similar to the
ones employed in electroporation in higher medium conductivities. We conclude that
electroporation in very low conductivity media requires stronger pulses to achieve a similar
poration extent as compared with electroporation in moderately high conductivity media.

89

7. Chapter7. Conclusions and Future Work

CONCLUSIONS
Increasing the permeability of a biological cell’s membrane using intense pulsed electric
fields, electroporation, has found extensive medical and biological applications. Despite
the research and numerous studies on electroporation and its applications the dynamic
process of formation and resealing of pores is not well understood. Besides the
conventional methods of studying electroporation such as dye exclusion techniques,
fluorescent cytometry, and patch-clamp techniques dielectric based methods are attracting
interest as a new label-free and non-invasive modality to investigate the phenomenon. The
dielectric properties of a cell exposed to electroporating pulses are affected during and after
the pulse exposure due to changes in the membrane structure and ions/molecules that
transport through the created pores. As such, electroporation and its subsequent
physiological effects on a cell can be studied by monitoring changes in the cell dielectric
properties. In this work we introduce a DEP cytometry technique to study changes in the
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cytoplasm conductivity of single Chinese hamster ovary cells induced by electroporation
with various pulse intensities. The main contributions of this study are as follow:
1. We introduced a dielectric model based on the double-shell structure for Chinese
hamster ovary (CHO) cells. This was achieved by measuring the DEP response of
CHO cells and curve-fitting to the measured data. Explained in Chapter 4 and
published in the journal Biomicrofluidics, a set of dielectric parameters measured
for CHO cells was presented. This model is used in subsequent chapters to analyze
and interpret the electroporation data. It should be mentioned that in previous
literatures where an electrical model of CHO cells is required, a model with its
parameters taken from other mammalian cell lines or yeast has often been adopted.
2. We introduced a technique to simultaneously electroporate single cells in a
microfluidic device and study the induced changes in its dielectric properties. By
shuttling a single cell back and forth in the microfluidic channel and studying its
DEP response before and after applying electroporating pulses, we measured
changes in cell’s response within seconds after pulse exposures. Proper selection of
the DEP actuation frequency allowed us to specifically monitor changes in the cells
internal conductivity due to electroporation.
3. We developed a simulation model to relate the displacement of a cell in the
microfluidic channel to its Clausius-Mossotti factor and then to its internal
conductivity. This allowed us to obtain quantitative results on how electroporation
effects a cell’s internal conductivity.
4. We presented quantitative results for changes in the cytoplasm conductivity of
single cells subjected to pulsed electric fields with various intensities. We observed
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that when electroporation is performed in media with lower ionic concentration
than cells cytoplasm, their internal conductivity decreases after electroporation
depending on the intensity of applied pulses. We also observe that with reversible
electroporation there is a limit on the decrease in the cells internal conductivity. We
hypothesize the reason is the presence of large and relatively immobile negative
ions inside the cell which attract mobile positive ions (mainly sodium and
potassium) to maintain cell electrical neutrality.
5. We presented the temporal change in the cytoplasm conductivity of several
individual cells subjected to pulsed electric fields with various intensities. We
observed that there is a time constant associated with the cells’ internal conductivity
change which ranges from seconds to tens of seconds depending on the applied
pulse intensity. This result can be used to infer the density and resealing time
constant of minimum-size pores (within milliseconds after the end of pulses pores
shrink to very small pores, approximately 1 nm radius, and then eventually reseal
completely). Measurements using large markers (larger than the pore size) cannot
obtain accurate information about small size pores.
6. Using our DEP measurement technique, we showed that electroporation in very
low conductivity media requires stronger pulses to achieve a similar poration extent
as compared with electroporation in moderately high conductivity media. We noted
that even though the cells immediate response suggests a very low electroporation
extent, in later times (minutes after pulse exposure) they may experience membrane
damage if left in the very low conductivity medium. We hypothesize this is because
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the medium does not have the essential ions for cells to reseal the pores and retain
their membrane integrity.
FUTURE WORK
In this work we presented a measurement technique to dielectrically study the
electroporation of single cells. We showed quantified results and discussed the

observations for CHO cells subjected to 100 µs duration pulses with various intensities. As
follow-ups for this work, our suggestions are as follow:

1. We showed that the medium conductivity affects the extent of electroporation as
well as the cells ability to reseal. An interesting study is to suspend cells in high
conductivity culture medium and measure changes in the internal conductivity of
cells due to electroporation. In this case both influx and efflux of ions affect the
internal conductivity. In the case of reversible electroporation the time required for
cells to reach their original equilibrium can be measured.
2. In nanosecond electroporation of cells, nanopores with radius approximately 1 nm
are created in the cells membrane. Using conventional dye molecules to study these
pores may result in inaccurate conclusions since the size of the dye molecules is
generally larger than the nanopores. Ions are ideal markers for studying nanopores
and we showed that our measurement technique and apparatus can measure changes
in ionic content of cells. Measuring changes in the conductivity of single cells
induced by nanosecond duration pulses and comparing the results with
microsecond ones (presented here) can provide insight on the mechanism of
electroporation in these two different regimes.
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3. In nanosecond electroporation, it has been shown that the electric field penetrates
into cells and electroporate the internal organelles’ membrane. Here, we showed
that the cytoplasm conductivity of cells is affected by electroporation. This changes
the charging time constant of cells internal membranes and may affect the process
of electroporation in multiple pulse applications. Incorporating changes in the
cytoplasm conductivity of cells after each pulse into the model of electroporation
can make more accurate predictions and help with optimizing the pulse parameters
for specific applications.
4. Changes in the cytoplasm conductivity after electroporation can be explained by
electrodiffusion (during pulse application) and diffusion (after the pulse) of ions in
and out of the cell through the created pores. In a recent published study [85], [86]
the numerical model of electroporation (based on the Smoluchowski equation) is
integrated with diffusion and electrodiffusion equations to estimate the transport of
ions through pores under the condition that the effect of the solutes transport on the
ionic current of pores is negligible. This assumption holds for fluorescent marker
molecules and low concentration ions such as Ca2+. An interesting research study
is to modify the numerical model developed in [85], [86] to predict the transport of
Na+, K+, and Cl- (available inside and outside of the cell in a high concentration)
and compare the results with the experimental results presented here.
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