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ABSTRACT

SYNERGISTIC EFFECT OF SUBNANOSECOND PULSED ELECTRIC FIELDS AND
TEMPERATURE ON THE VIABILITY OF BIOLOGICAL CELLS

James Thomas Camp
Old Dominion University, 2012
Director: Pr. Karl H. Schoenbach

Pulsed electric fields have been used to induce a biological response in cells, and at
sufficient energy, can cause cell death. By reducing the pulse duration from presently used
nanosecond to subnanosecond ranges, the electric field can be delivered to biological tissue non-
invasively by the use of an antenna instead of electrodes, such as needles. Studies have
previously been completed in which the aim was to determine the energy density (electric field
strength, number of pulses) required to induce cell death with 800 ps pulses. Based on this data,
it was concluded that for pulse durations of 200 ps, with electric field strengths below 100 kV/cm,
pulse numbers on the order of 10° would be needed to achieve similar effects. In this dissertation,
it was shown that the energy density required for cell death can be reduced considerably if the
temperature of the sample is increased to values above physiological temperature (37°C).

In order to perform the experiments, a solution of biological sample (growth medium and
Hepa 1-6 cells) was exposed to 200 ps pulses in which the electric field strength ranged from 60
kV/ecm to 100 kV/cm and the pulse number ranged between 100 and 3,300 pulses. The
temperature of the sample was controlled externally by placing the exposure chamber in a
controlled temperature environment, and was varied between room temperature and 47°C. In
order to reduce the thermal effects due to chmic heating from the pulses, the repetition rate of the
pulses was kept below 10 Hz. The effect, cell death, was determined by trypan blue uptake of the

cells 4 hours after experimental exposure.



The pulse generator used was an 8 stage Marx bank in which the output pulse was formed
with a peaking and tailcut switch. The peaking switch was used to decrease the risetime of the
output pulse to less than 200 ps, and the tailcut switch was used to cut off the decaying portion of
the pulse. The eight spark gap switches of the Marx bank were pressurized with Nitrogen, while
both the peaking and tailcut switch operated in air at atmospheric pressure. The output voltage of
the pulse generator ranged from 10 kV to 20 kV and the pulse width could be varied between 140
ps and 230 ps. A conical exposure chamber was designed to expose the biological sample to the
pulsed voltages, such that the electric field across the gap was homogeneous. The voltage was
measured with a capacitive voltage divider, which was incorporated into the cable leading to the
load.

The results indicate that an increase in temperature above 37°C caused the cells to be
more susceptible to the pulsed electric fields. The lethality increased to over 25% (trypan blue
uptake} when the cells were exposed to 2,000 pulses with an electric field strength of 78 kV/cm at
47°C. For temperatures at and below 37°C, there was no indication of cell death, when compared
to the controls, for the same pulsing conditions.

In order to determine the reason for this increase in cell lethality due to the pulsed electric
fields with an increase in temperature, the electrical properties of HELA 1-6 cells were measured
by means of time domain reflective spectroscopy. The conductivity of the growth medium,
plasma membrane, and cytoplasm increased with temperature. The permittivity of the medium
and membrane increased, while the permittivity of the cytoplasm decreased with temperature.
Using this data and comparing the results of the trypan blue studies, it seems to be likely that the
subanosecond pulse induced cell death can be considered a dose effect with respect to the energy
deposited in the cell membrane. Assuming that subcellular membranes show a similar
temperature dependence in their electrical properties, the possibility that the cell lethality is
triggered through permeabilization of inner membranes (in addition to that of the plasma

membrane) cannot be excluded.



The threshold voltage across the membrane required for electropermeabilization was
shown to decrease with an increase in temperature, which likely due to the increase in the
membrane fluidity with temperature. This argument is supported by molecular dynamics
simulations which show an increased probability for pore formation with temperature. Based on
a three layer (medium, membrane, cytoplasm) cell model and using the dielectric spectroscopy
results it was concluded that the induced membrane voltage also decreases with an increase in
temperature. Consequently, the threshold voltage needed to induce electropermeabilization must

decrease at a faster rate than the induced membrane voltage from the electric field.
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the transmission line between the measured point and the load (50 cm = 5 ns). The
gray traces represent the voltage measured directly at the load. The solid traces are
those of a capacitive (5 pF) and resistive load, while the dotted trace is the voltage
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Simulation ran with the same conditions as done in Fig. 8.2, except the pulse width was
decreased from 1 ns to 200 ps. The amplitude of the pulse is decreased across the load
since the pulse width is comparable to the charging time constant of the load, T = R-C

The solid black traces are averages of 100 shots, and the gray is an envelope of 100
shots. (a) Average of 100 pulses of the incoming pulse determined by adding the
pulse shapes of an open and shorted load, and dividing by two as done in (5.5). (b)
The traces measured in front of the load at 25°C and 47°C showing the effects of

temperatures on the reflected portion of the pulse.....o.oovviiiciiii,

The voltage across the load determined by superimposing the reflected pulse to the
incoming pulse, in which the reflected pulse was shified to the left by 0.95 ns. The
gray trace represents the voltage across the load for a sample temperature of 25°C, and

the DIACK LFACE 18 TOF B7%C ..o oiiieiieeiiieiieeiiraeiareerasessssssanesssssansssstnntenssennaenssenntenssannennssensesnnnans

Reflected pulse determined by separating the input voltage from the voltage measured
across the load. The capacitance, determined from the decay time of the pulse, was
foundtobe 3.2 pF ..o

Comparison of the simulated voltage (gray trace) and the measured voltage (black
trace) in front of the load (a) and at the load (b} for a sample temperature of 25°C and
BTOC ettt ettt ettt b et

Concept of the leveling temperature {Tv) of a sample due to pulsed electric fields.
The temperature of the sample will be increased by dT for each pulse. As the
temperature of the sample is increased, the decay of the temperature increases until the
loss of temperature between pulses is equal to the change in temperature due to one
PUISE .o

The measured temperature decay of the sample chamber (black) compared to the
calculated temperature decay (ray} -.occooeeeeeeeeeccvrernvrrnennns

At t = 0, the temperature of the sample is at Ty, and the temperature of the electrodes is
at T,, which creates a large temperature gradient at the electrode-sample interface.
Past 2 seconds, the temperature gradient in the electrodes as decreased, leaving a

larger gradient in the SAMPLE......coivvvvveeirrcrrerrre .

Calculated temperature diagram for cells within the exposure chamber exposed to a
voltage of 30 kV, 200 ps, at a pulse repetition rate of 10 Hz. The diagram suggests the

temperature increase due to pulsing will not be raised by more than 1°C...............ccccevin.

Conceptual layout of the experimental setup. The sample chamber was placed in a
box made of plexiglass, which was heated to the desired temperature with a heat gun
and a fan. The temperature of the sample was measured indirectly by placing the

temperature probe in a hole of the cap 1| mm above the sample.............................

. Trypan blue exclusion versus exposure time of cells placed in a water bath of 42°C,

A7%C 1A 52%C ...t s b sttt b st bbb n bt nenenans

11.2. Trypan blue exclusion 4 hours after experimental exposure to 1,000 and 2,000, 200

ps long pulses, dependent on temperature. The measured electric field at room
temperature was kept constant at 84 kV/cm, but decreased to 78 kV/cm at 47°C. The
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11.3. Tryplan blue exclusion results 4 hours after pulsing conditions in terms of the energy
density of the medium. The red lines represent same experimental conditions (applied
field and number of PulSES). ............occoiiiiiiii e

11.4. Trypan blue exclusion 4 hours after experimental exposure at 47°C. The electrical
energy density, W, was kept constant by decreasing the pulse number for an increase
in electric field strength. The dashed lines show the range of the sham results.................

12.1. Trypan blue exclusion 4 hours after experimental conditions (Esppica = 90 kV/cm, 200
ps pulse width, N = 100, 1000, 2000) in terms of the scaling parameter, The red line
represents same pulsing conditions (applied electric field and number of pulses). The
blue represents a different scaling parameter for 42°C and 47°C.........ccoooeiiiieeceeciecnnns

12.2. Energy density of the membrane with respect to the temperature for cells exposed to
an applied electric field of 90 kV/cm and pulse numbers of 100 (left) 1000 (middle)
and 2000 (right). The red line connects the data points for cells exposed to the same
pulse number. Temperatures at and below 37°C create a negligible effect on the cells.
For temperatures at and above 42°C, a linear relation between the trypan blue
exclusion and the energy denmsity of the membrane exists, as shown by the blue

BRGIIERE. +..vvvvovvceooooseeeoecceecereesesseeesseeeeeeosesseesssssssessesseesssssssenessesessesssreasssossesssssssseos

12.3. Evolution of a pore formation due to an external electric field. At t,, the heads of the
lipids are in random motion. At t;, an external electric field is applied and the lipid
heads facing the cathode will align with the electric field. The heads of the lipids
facing the anode will rotate to try and align, causing repulsion between them, This
repulsion may cause an opening to allow the aqueous solution through the membrane
as depicted at time G 48] ...ooovvrmeeeiieee et ee e s

12.4. Molecular dynamic simulations of a lipid bilayer exposed to a constant electric field
strength of 0.5 V/nm for 1 ns at 25%C and 47°C [48]...movo e
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CHAPTER 1

INTRODUCTION
LI INTRODUCTION TO SUBNANOSECOND PULSES

The combined and/or synergistic effect of subnanosecond pulsed electric fields and
temperature increase on cells is a new study within the field of Bioelectrics. The effects of
temperature on cells, in the absence of pulsed electric fields, is well known (hyperthermia),
whereas the effects of subnanosecond pulsed electric fields have just recently been explored
experimentally [1, 2] and theoretically [3-7}. Experimental results suggest the outer membrane of
the cell becomes permeabilized immediately after subnanosecond pulsed conditions above a
certain energy density threshold {0.8 k¥/cm® for B16 cells with pulse widths equal to 800 ps).
One theory is the permeabilization is caused by electroporation or electropermeabilization, which
is dependent on the voltage across the membrane induced by the applied ¢lectric field {1, 4, 5, 8-
10].

Elecropermeabilization is defined as an increase in ionic and molecular transport across a
plasma membrane due to an external electric field [4]. This type of permeabilization may be a
biological effect in which the cell increases the flow of ions in and out of the cell, or a physical
effect in which molecules are able to push through the membrane due to a concentration gradient
of the molecules. Electroporation describes the effect in which holes, or pores, are created in the
membrane allowing for flow of ions through the membrane [4). The voltage across the
membrane induced from an external electric field is superimposed to an already existing voltage
(resting potential) across the membrane due to an imbalance of ion concentration on the interior
and exterior of the cell. The magnitude of the resting potential has been shown to increase with
an increase in temperature [11-13], which would result in an increase in the voltage induced
across the membrane by an external electric field facing the anode, and a decrease in the voltage

across the membrane facing the cathode {14]. The viscosity of the membrane also decreases with



an increase in temperature [15], which decreases the energy needed to induce pore formation,
and/or permeabilization [16, 17]. It is therefore believed that an increase in temperature will
decrease the threshold needed to induce electropermeabilization by pulsed electric fields. This
effect has theoretically been studied [7] and has been shown experimentally on bacteria with

microsecond pulses [18, 19].

LII MOTIVATION

The effect of high-intensity nanosecond electrical pulses on biological cells and tissue has
received considerable attention by the scientific community, particularly in the past ten years, and
has led to the establishment of the research field: Bioelectrics [20-23]. In this time domain, the
rise time of the pulse is faster than the charging time of the plasma membrane of most
mammalian cells, meaning that the field will pass through the membrane and into the cytoplasm.
This effect can be understood qualitatively by considering the cell as an electrical circuit (Fig.
1.1), describing the various cell membranes by their capacitances and the cytoplasm which they
enclose, by its resistance. Fig. 1.1{(a) shows the cross section of a mammalian cell, with the only
membrane-bound substructure shown being the nucleus. The cytoplasm, which fills much of the
cell, contains dissolved proteins, electrolytes, and glucose and is moderately conductive, as are
the nucleoplasm and the cytoplasm in organelles. The membranes that surround the cell and
subcellular structures have low conductivity due to the oily nature of the phospholipids which
make up the membrane. A cell can therefore be thought of as a conductor surrounded by an
ideally insulating envelope, containing substructures with similar properties. The equivalent
circuit of such a cell (which is considered as spherical for modeling purposes) with one

substructure, the nucleus, is shown in Fig. 1.1(b).
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Fig. 1.1. (a) Basic structure of a mammalian cell. A cell membrane (aka plasma membrane)
surrounds the cell and the intraceliular components (nucleus shown here). A separate membrane
surrounds the nucleoplasm which makes up the nucleus. (b) The double cell model with the
circuit components [1].

If dc electric fields or pulses of long duration (compared to the charging time of the
membrane) are applied, eventually, only the outer membrane will be charged. The electric field
generated across subcellular membranes during charging will be zero for an ideal, fully insulating
outer membrane. However, during the charging time of the outer membrane, potential
differences are expected to be generated across subcellular membranes, an effect that will be
stronger if the pulse rise time is shorter. Such charging times are in the submicrosecond range for
human cells [1].

If the electric field is sufficiently large, it can have pronounced effects on intracellular
organelles. High-voltage pulses that are nanoseconds to hundreds of nanoseconds long have been
shown to penetrate into living cells to permeabilize intracellular organelles [22, 23] and release

Ca’" from the endoplasmic reticulum [24-26]. These short pulses provide a new approach for



physically targeting intracellular organelles with many applications including activation of
platelets and release of growth factors for accelerated wound healing [27] and precise control of
apoptosis {28- 31]. It has also been shown by Nuccitelli et al. that such pulsed electric fields
cause shrinkage and even complete elimination of melanoma tumors [32]. Such tumors have
successfully been eradicated in mice with pulsed electric fields with pulse widths of 300 ns with a
30 ns rise time and electric field strengths reaching 50 kV/cm [32, 33]. The penetrating electric
field caused the tumor cell nuclei to shrink, while stopping the flow of blood to the tumor, which
led to the tumor’s death. Two separate treatments of 100 to 300 pulses were needed for complete
remission [32, 33]. The electric field was, in these studies, applied with needle or clamp

electrodes as shown in Fig. 1.2.

(a) (®)
Clamp Electrodes Surface Electrodes

(© (d)
Coaxial Electrode Needle Electrodes

Fig. 1.2. Different types of electrodes for exposing cancerous tissue (dark gray) with electric
fields.



The disadvantage of such electrodes is they can only apply electric fields on the surface of the
skin. Needle electrodes may penetrate a small distance under the skin, but in order to move the
electric field location, the needle must be removed and penetrate the new position. Deeper lying
tissue, such as the liver or pancreas cannot be accessed with needle or clamp electrodes, unless
surgical methods are used.

Another possibility is to use a catheter to deliver the electric field [34], but even this
requires minimal surgery. By transitioning from the nanosecond to the subnanosecond regime,
the electric field can be applied non-invasively by a reflector which focuses the electric field into
the tissue, as shown in Fig. 1.3 [1]. The impulse at the second focal point of the IRA (within the
tissue) is the differentiated signal of the input function fed into the reflector. The pulse width of
the impulse {(equal to the input of the risetime of the input function) determines the spatial
resolution of the focal point, in that a shorter pulse width allows for a higher spatial resolution
{35]. In order to achieve a spatial resolution on the order of 1 cm, pulses with rise times on the

order of 100 ps are required [1].

Fig. 1.3. A prolate spheroidal reflector, or irradiating antenna, can be used to focus
electromagnetic energy at the second focal point within the tissue. The input magnetic wave is
launched from the first focal point.



Schoenbach et al. have shown that sufficiently large electric field strengths (100°s
kV/cm) are needed to induce cell death with subnanosecond pulses (800 ps) [1]. The amplitude
of the impulse is proportional to the amplitude of the input function multiplied by the reciprocal
of the risetime of the input function [35]. Consequently, impulse voltages with subnanosecond
rise times will account for higher electric field strengths at the second focal point than fields
produced with nanosecond impulse rise times. The maximum attainable electric field with the
antenna setup with current and near future technology at the focal point is no more than 50
kV/em, which is due to attenuation of the signal within the tissue {36]. Therefore, we can expect
the tissue to be exposed to monopolar electric field pulses with durations ranging from 100 ps to
200 ps, with electric fields of 100 kV/cm and less (ramp function input). This has been modeled,
using MAGIC software [37], in which a ramp function with a 200 ps risetime is fed into the input
and the impulse is simulated at the second, or output focal point (Fig. 1.4). The medium in the

simulation was chosen to be water, which has a dielectric constant of 81.
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Fig. 1.4. A step function with a risetime of 200 ps is fed into the first focal point leads to an
inverted pulse with a pulse width equal to 200 ps at the second focal point. The functions were
determined by using MAGIC software [37].



The placement of the electric field can be moved easily by changing the position of the
reflector.  Such a system would not need surgical methods to reach deeper lying tissue.
Subnanosecond pulses will ultimately allow medical applications for delivery of pulsed electric
fields without invasive electrodes, using antennas instead. This same setup can also be used for
medical imaging in which the reflected waves from a lower input power signal are determined by
the electrical properties of the tissue [38]. It has been shown by Fear et al. that cancerous tissue

has different dielectric properties than healthy tissue [39].

LI PREVIOUS SUBNANOSECOND RESEARCH

In an effort to study the effects of subnanosecond pulses on cells, experiments were
conducted on B16 mouse melanoma cells and the energy densities required for trypan blue
uptake, considered a measure for cell death, have been determined [1]. For durations of 800 ps,
electric fields varying from 150 kV/cm to almost 1 MV/cm, and pulse numbers up to 20,000, it
was determined that the threshold in energy density required to induce cell death was
approximately 0.8 k)/cm®. At an energy density of 5 kJ/cm® 90% of the cells died [1, 2). In these
studies the initial temperature of the suspension was room temperature (22°C to 25°C) and,
because of the relatively low repetition rate of approximately 10 Hz, the temperature increase due
to pulsing was less than 10°C, and thermal effects were therefore considered to be negligible.

In follow-up studies where the pulse width was decreased to 200 ps at a constant electric
field intensity of 25 kV/cm [2], using the same cell line as in the 800 ps studies, the results with
respect to energy density were quite similar to those obtained with 800 ps pulses. Due to the low
value of the electric field, the number of pulses needed to be increased by two orders of
magnitude, resulting in 2.4-10° pulses being applied for 90% cell death. However, in this case, it
was found that the sample temperature played a major role in inducing cell death. In the 200 ps
studies the temperature of the sample was measured with an optical temperature probe (TE C-

11000 A, Neoptix, Canada) during pulsing. The temperature of the sample reached values as



high as 47°C after a 10 minute exposure, due to Joule heating caused by the high repetition rate
of the pulsed electric fields (10 kHz, in a burst mode with 40 pulses per burst), This temperature
increase contributed much to the measured cell death, which was confirmed by measuring the
effect of the temperature alone on the celis by heating the sample in a water bath to similar
temperatures as obtained with Joule heating. For exposures at 47 °C the survival rate, which was
not affected by the high temperature for at least the first two minutes, decreased to approximately
80% at 5 minutes, and decreased to 10% for a 10 minute exposure. The effects of the pulsed
electric fields and temperature could not be separated since the heating of the sample was due to

the applied pulses. More on these studies are discussed in Chapter 1.

LIV TOPICS OF THE DISSERTATION

The focus of this dissertation is to study the effects of subnanosecond pulses on
mammalian cells (liver cancer cells) in suspenston at different temperatures. Expectations are
that an increase in temperature will cause the cells to be more susceptible to the pulsed electric
fields whether by increasing the fluidity of the membrane (Chapter IV), or changing the electrical
properties of the cell (Chapter III). The results may be helpful in designing future non-invasive
techniques in delivering the applied electric field to a cancerous target within the tissue. If
heating the cells does make the cells more susceptible to the pulsed electric fields, then the
question of how to heat the target within the tissue while applying electric fields will need to be
addressed in future designs. The results can also be used to determine a threshold effect of cell
death in that medical imaging would need to be completed at electric fields below this threshold
to keep from harming the cells.

The effects of the pulsed electric fields and temperature of the cell suspension needed to
be studied separately and combined. This has been accomplished by applying low energy pulses
at a slow repetition rate (< 10 Hz) to a sample to minimize the temperature increase from ohmic

heating. The cells were pulsed at room temperature (25°C), physiological temperature (37°C),



42°C, and 47°C in which the cell suspension was heated externally (Chapter IX). In order to
apply the pulses, a subnanosecond pulse generator was designed and built based on the concept in
reference [40] (Chapter Vi). The pulse generator is capable of delivering a pulse with a width of
200 ps (FWHM), and an amplitude up to 20 kV. The pulse width was kept constant at 200 ps,
and the electric field was varied from 52 kV/cm to 95 kV/ecm. In order to expose the cells to the
electric fields, a coaxial chamber was designed and built which provided a uniform electric field
across the sample with less than 10% deviation (Chapter VII). A capacitive voltage divider was
used to measure the incoming voltage to the load, which was superimposed with the reflected
voltage from the sample, in which both were used to determine the voltage at the load (Chapter
VIID).

Cell death has been determined by using trypan blue assay four hours after exposure, and
membrane permeabilization was determined by using trypan blue immediately after pulsing.
Trypan blue is normally impermeant to healthy cells. When cell membrane integrity is
compromised, the dye is able to enter the cell and bind to protein, making the cell appear blue.
Cells that take up this dye several hours after exposure to electrical pulses are usually considered
dead or dying. In order to determine the temperature effect on permittivity and conductivity,
which results in changing the electric field distribution across the cell membrane and energy
transfer into the cell, particularly into the cell membrane, the electrical characteristics of the cell
were measured using dielectric spectroscopy (Appendix B). The effect of increased temperature
on pore formation in the cell membrane was modeled by means of molecular dynamic

simulations (Appendix C).
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CHAPTER 11

BACKGROUND

Only in the past few years has the effect of subnanosecond pulses been explored on cells
[1-3, 41]. In these experiments, the temperature increase due to pulsing was an unavoidable and
sometimes undesired effect. The cells were exposed to a waterbath in order to distinguish
between the effects of the pulsed electric fields, and increase in temperature. There are several
references on the effect of temperature on cells, but very few that explore the effect of pulsing at
different temperatures [42, 43]. However, these experiments involved pulses of durations much
greater than 1 ns and were explored on bacteria. The next few sections will discuss what has
already been studied in the field of applying subnanosecond pulses to cells, as well as pulsing

cells (bacteria) at different temperatures.

11.1 800 PICOSECOND, > 100 kV/em CONDITIONS

In an effort to study the effects of these short pulses on cells, 800 ps pulsing experiments
were conducted on B16 mouse melanoma tumor cells; trypan blue exclusion was plotted four
hours after pulsing, which was considered a measure for cell death, in relation to the electrical

energy density {1]. The electrical energy density, W, for N square wave pulses is
W=og-N-E2-1 2.1

in which E, is the applied electric field, ¢ is the conductivity of the medium (100 Q-cm), and t is
the pulse width (800 ps). The experiments were conducted with a subnanosecond pulse generator
{40] which generated 800 ps pulses, with electric field strengths varying between 100 kV/cm and
1 MV/cm. The gap of the exposure chamber varied between 3.15 mm and 10.67 mm in order to
achieve the wide range of electric field strengths, and the pulse number ranged from 100 to
20,000. The electrical energy density ranged between 0.5 kJ/cm® and 5.5 kJ/em®. In these

studies, the initial temperature of the suspension was room temperature (22°C to 25°C) and,
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because of the relatively low repetition rate of approximately 10 Hz, the temperature increase due
to pulsing was less than 10°C. This was confirmed by measuring the sample temperature for a
data point at 3.6 k¥/cm® (150 kV/cm, 20,000 pulses) during pulsing with an optical probe (FOT M
fiber optic temperature sensor). In this case the temperature increase was 6°C, raising the sample
temperature to a value approximately 7°C below the physiological temperature of 37°C. Thermal

effects were therefore assumed to be negligible. The results are shown in Fig. 2.1.
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Fig. 2.1. Trypan blue exclusion of B16 cells exposed to 800 ps pulses of varying electric field
strength and puise number. The results were plotted in terms of energy density in which the
conductivity was chosen to be that of the medium (100 Q-cm). The threshold of trypan blue
uptake is approximately 0.8 kJ/em?®.

The threshold in energy density, required to induce cell death was found to be 0.8 kJ/cm®.
At an energy density of approximately 5 kJ/cm’, 90% of the cells died [1]. The results seem to
indicate that trypan blue uptake is a dose effect, scaling with the electrical energy density;
however, this dependency on energy density does not hold true when the pulse duration is

increased.
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Fig. 2.2. Data from the 800 ps experiments are compared with B16 cells exposed to 10 ns pulses
with less energy density. The data does not align in terms of energy density, but does when
plotted verses the empirical scaling parameter. The scaling parameter was derived from two
separate experiments in which data was plotted in terms of electrical impact (E-t) and a dose

effect (E*N) [4].
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This is shown when the 800-ps data (Fig. 2.1} is compared with trypan blue uptake data obtained
with pulses 10 ns long (Fig. 2.2(a)). In Fig. 2.2(a) experimental results on trypan blue exclusion
reported in [45} were complemented by results of a recent experimental study where the
procedures were kept exactly the same as described in [45] (which are identical to those described
in {1]). The results show clearly that the observed biological effect is not an energy density-
dependent effect, but follows a different scaling law. Such a scaling law for biological effects of
puises with durations short compared to the plasma membrane charging time constant, but longer
than the dielectric relaxation time of the cytoplasm, was discussed in [1]. The law is based on the
hypothesis that in this pulse duration range (which covers both 800 ps as well as 10 ns pulses),
any bioelectric effect is due to membrane charging, whether it is at the plasma membrane or
subcellular membranes. It postulates that identical effects can be expected if the product of
applied electric field intensity £, pulse duration r, and the square root of the number of pulses ¥
is kept constant. By replacing the energy density in the ordinate of Fig. 2.2(a), by an empirical
scaling parameter (2.2), the trypan blue data for 800 ps and 10 ns can be described by the same

parameter, shown in Fig. 2.2(b).
S=E, VN 1 2.2

Equation 2.2 combines the effects of energy density and the electrical impact factor, E,t [4]. The
intensity of the observed effect (scaling factor) is represented by S. The threshold scaling factor
needed for cell death for the 800 ps experiments is approximately 0.75 V-s/m. In order to achieve
at least 80% cell death, a scaling factor of at least 1.8 V-s/m was needed, which equates to 20,000
pulses at 160 kV/cm for a 800 ps pulses. It indicates that the observed effect of trypan blue
uptake is a primary effect caused by membrane charging (and subsequent poration) and is not a
secondary bioelectric effect, such as an effect caused by the disintegration of the membrane after

apoptosis has set in.
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ILII 200 PECOSECOND, < 100 kV/em CONDITIONS

In reference {2], 200 ps pulsing experiments were conducted on B16 mouse melanoma
tumor cells (same cell hne used in reference [1]) in which cell viability was determined 18 hours
after pulsing by trypan blue exclusion and a water soluble tetrazolium (WST) assay. In order to
determine the effects of such short pulses at a more reasonable electric field, which could be
expected with the use of an antenna, the electric field strength was reduced and kept constant at
25 kV/em. The pulse generator used was an FPG 5-P, capable of delivering 5 kV, 200 ps pulses
with a pulse repetition rate up to 10 kHz. An open sample chamber was designed such that the
sample could be exposed to a uniform electric field of strength 25 kV/cm, while measuring the
temperature with a Neoptix temperature sensor {T1 C-11000 A, Neoptix, Canada) during the
applied pulses. In this case, the sample temperature played a major role in inducing cell death.

Initial experiments conducted at a pulse repetition rate of 300 Hz, with a pulse number
equal to 1,000 and 10,000 pulses resulted in no increase in the temperature of the sample as a
result of the pulsing and no indication of cell death. In order to obtain cell death, based on the
experiments shown in Fig. 2.1, an electrical energy density greater than 0.8 kJ/cm® would be
needed (scaling factor greater than 0.75 V-s/m). With an electric field strength of 25 kV/cm, and
a pulse width of 200 ps, more than 0.6 million pulses are needed to obtain values within the
needed range for cell death. In order to decrease the amount of time during pulsing, the pulse
repetition rate was increased to 10 kHz. However, the increase in frequency caused the
temperature {due to Chmic heating) of the sample to reach values greater than 60°C. In order to
limit the increase in temperature, the pulses were applied in bursts, in which the bursts were
repeated every 10 ms. The number of pulses per bursts was chosen such that the total time of
pulsing was kept constant (10 min.). The temperature of the sample (starting temperature of
23°C) with respect to the number of pulses was equal to 37°C, 42°C, and 47°C for 1.2 M, 1.8 M,
and 2.4 M pulses, respectively. The M stands for million. In each case, after 150 s into pulsing,

the temperature of the sample leveled off (leveling temperature, Chapter IX). The results of the



15

200 ps experiments are compared to the 800 ps experiments in terms of the energy density in Fig,

2.3.
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Fig. 2.3: The experimental results from {2] (200 ps, 25 kV/cm) compared with the 800 ps
experiments [1] in terms of energy density.

The data point at 0 kJ/cm® represents the sham control. For a 10 minute exposure of 1.2 M pulses
(1.9 k/cm’), the temperature increased and leveled off at 37°C after 2 minutes, and there was no
indication of cell death. The viability decreased to 80% for a ten minute exposure of 1.8 M
pulses (2.9 kJ/cm’) in which the temperature increased to 42°C after 2 minutes and leveled off.
For 2.4 M pulses (3.9 k¥/cm’), the temperature of the sample reached 47°C after 2 minutes of the
10 minute exposure (10 kHz, in a burst mode with 40 pulses per burst), and the viability
decreased to 20%.

In order to distinguish between the effects of temperature and pulsing, the cells were
exposed to the respected leveling temperature obtained with Joule heating (37°C, 42°C, 47°C) in

a waterbath for 10 minutes. For exposure temperatures equal to 37°C and 42°C, there was no
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indication of cell death after 10 minutes, suggesting that the cell death for an N of 1.8 M was
attributed to the pulsed electric fields. For exposures at 47°C the survival rate, which was not
affected by the high temperature for at least the first 2 minutes, decreased to approximately 80%
at 5 minutes, and to 10% for a 10 minute exposure. This would suggest that the cell death for an
N of 2.4 M pulses was attributed to the heating of the sample. However, there was an indication
of cell death at 1.8 M pulses which was not attributed to the temperature alone, suggesting that,
the pulsed electric field as well as the temperature had an effect on the cells for an N of 2.4 M

pulses.

ILIII EFFECT OF PULSED ELECTRIC FIELDS (PEF}) AND TEMPERATURE ON
BACTERIA

To my knowledge, studies of the temperature dependence of pulsed electric field exposed
cells, independent of Joule heating have only been performed on bacteria [42, 43]. The pulse
durations in these cases were on the order of microseconds. There was a clear indication of a
synergistic effect for bacteria pulsed at 60°C compared to those pulsed at 30°C [42]. The initial
live cell count was 10° cells/cm” at 30°C, which decreased to 107 cells/cm® when the temperature
was increased from 24°C to 60°C for 10 seconds. When exposed to 60 pulses, of amplitude 30
kV/cm, the survivability decreased to 10* cells/cm at 30°C, and was immeasurably small at 60°C.

The cause of cell death of bacteria due to the applied electric fields was assumed to be
due to electroporation. The increase in temperature causes an increase in the conductivity of the
medium and cytoplasm of the cell, as well as a decrease in the viscosity of the membrane. Based
on the increase in membrane and cytoplasm conductivity, it was concluded that the observed
increase in cell death at higher temperature is due to a more rapid increase in membrane potential,
leading to an earlier breakdown of the membrane [42). Similar results were obtained with E. coli

[43] in which an increase in bacteria death was observed when pulses at elevated temperatures
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were applied. Here, it was also assumed that this effect is due to a decrease in membrane

viscosity.

ILIV CONCLUSIONS FROM PREVIOUS RESEARCH RESULTS

The results of the 200 ps experiments fit in with the trypan blue exclusion versus the
energy density of the 800 ps experiments, suggesting the energy density relationship follows not
only for pulses of 800 ps, but for 200 ps pulses as well. However, such a statement may be
misleading since the 800 ps experiments were performed under conditions where the temperature
of the sample never reached values above physiological temperature (37°C) and the temperature
of the two data points for the 200 ps experiments were above 37°C.

A change in temperature of the cell sample will cause a change in the electrical properties
of the cell membrane and cytoplasm such that the ratio of the electric field across the membrane
and cytoplasm will change (Chapter XI). A change in temperature will also change the fluidity of
the membrane in that a higher fluidity decreases the threshold needed for electroporation or
permeabilization (Chapter XII). The cell death for the 200 ps experiments conducted at 2.9
kJ/em® occurred at a temperature of 42°C and cannot be directly compared to the 800 ps
experiments, which were performed at temperatures less than 37°C. The same can be said for the
3.9 kJ/cm’ data point, except the temperature of the 200 ps experiments was at 47°C which
clearly was the major cause of cell death. If the 200 ps experiments are compared to the 800 ps

experiments in terms of the scaling factor (Eq. 2.2), then the results do not line up, as shown in

Fig. 2.4.
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Fig. 2.4. The data from reference [2] plotted in terms of the empirical scaling parameter does not
show the same effect due to cell death being attributed to heating rather than the pulse electric
fields.

The data points for the 1.2 M and 1.4 M pulse number line up with the 800 ps and 10 ns data.
However, the 2.4 M pulse number data is clearly outside the trend. Under the assumption that the
results due to pulsing should follow the same scaling law, the effects at 2.4 M shots are not
caused by pulsing, but by the temperature. The scaling law predicts that at 200 ps and 25 kV/cm,
at least 12 M pulses are needed to induce 90% cell death. This would also suggest that a higher
energy density is needed to induce cell death for a shorter pulse width, which is the trend as
shown in Fig. 2.2(a). The 800 ps pulses required a higher energy density for the same effect as
the 10 ns experiments. Stronger conclusions of this experiment can be made if the temperature
effects and pulsing effects can be separated.

Based on the results given in [42, 43] for the bacteria, an increase in temperature from the

cultured temperature of the cells make them more susceptible to pulsed electric fields by



19

decreasing the fluidity of the plasma membrane. Alithough the bacteria contains a cell wall
(mammalian cells do not), the wall is more conductive than the membrane (2.5 mS/m)}, and
porous such that it does not disturb the flow of small molecules [46]. Similar results can be
expected, in that pulsed electric fields will have a greater effect on mammalian cells at
temperatures above the physiological temperature of the cell (37°C). This effect may have been
observed in the 200 ps experiments for the pulse number of 1.8 M pulses. The scaling law {based
on the 800 ps and 10 ns experiments) predicts a higher scaling factor of approximately 1.25 Vs/m
for 20% cell death. Yet, less than 1 Vs/m was needed when the cells were exposed to a
temperature of 42°C during the applied pulses.

The experiments conducted in [1, 2] were conducted on mammalian cancer cells
cultivated at 37°C and pulsed at an initial temperature between 22°C and 25°C. Already, this
would suggest that the cells would be more resistive to the effects of the pulsed electric fields due
to a decrease in the fluidity of the membrane as a result of the decrease in temperature. In order

to see an effect, the temperature would need to be raised, as was done for this dissertation.



20
CHAPTER 111

TEMPERATURE DEPENDENCE ON THE ELECTRICAL PROPERTIES OF THE

CELL

The analytical approach used in this chapter to determine the membrane voltage is linear
in that temporary changes in the electrical parameters of the cell, such as changes caused by
electroporation, are not considered. Such an approach is sufficient for determining the electrical
effects of the cell up to the threshold effect in which nonlinearities of the cell occur. Models

which include the nonlinear effects have been presented elsewhere [47].

IIL.1 TDR ANALYSIS OF THE CELLS AND GROWTH MEDIUM
The measured conductivity and permittivity of the cytoplasm, plasma membrane, and the

medium derived by TDR analysis with respect to temperature are shown in Table 3.1 (Appendix

B).
Relative Permittivity

| Membrane Cytoplasm Medium
Temperature Avg. Std. Avg, Std. Avg. Std.
25°C 13.9 0.19 76.3 2.6 79.3 34
37°C 15.1 0.31 100 1.5 72.7 28
42°C 16.5 0.64 115 49 67.6 25
47°C I8 017 146 4.8 64.1 3.1

Conductivity
Membrane Cytoplasm Medium
[10° $/m) 1107 S/m] {S/m]

Temperature Avg. Std. Avg. Std. Avg. Std.
25°C 2.44 0.28 379 0.08 1,37 0.09
37°C 4.05 0.13 4.53 0.07 1.74 0.17
42°C 5.13 0.24 4.73 0.27 1.88 0.13
47°C 9.21 0.21 5.1 0.23 2.03 0.16

Table 3.1. Permittivity (a) and conductivity (b) of cytoplasm, plasma membranes of Hepa 1-6
cells, and the growth medium at 25°C, 37°C, 42°C and 47°C [48).
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The conductivities and permittivities of the cytoplasm and cell membrane will vary between
different cell lines {49, 50]. For example, in reference [49], the membrane permittivity ranged
between 7 and 13 for six different lines of B cells, and the membrane conductivity ranged
between 14 pS/m and 27 puS/m for three different lines of T cells. The measured electrical values
of both the cytoplasm and membrane at room temperature are within reasonable range of those
within the literature [6, 49, 50-53]. The temperature dependence of the electrical properties of a
cell has not been extensively explored. In fact, the only publications in which the temperature
dependence is considered (1o my knowledge) rely on theoretical considerations rather than
experimental results [50, 54]. Sudsiri et al. assumed a linear relationship between the temperature
of the cell and the permittivity and conductivity of the cell cytoplasm, as well as the conductivity
of the membrane [50]. The permittivity of the membrane, however, is assumed to remain
constant which is inconsistent with the measurements reported in Table 3.1. According to the
measurements, a linear relation is plausible for values at and below 42°C, but such assumptions
cannot be made for higher temperatures.

Sudsiri et al assume that the permittivity of the cytoplasm decreases with increasing
temperature [S0], while the measurements in Table 3.1 show just the opposite. This discrepancy
between assumptions and experimental results is also prevalent in reference {54] in which the
temperature dependence of the permittivity is based on the Curie Law: Ae = C/T, where the
permittivity of the cytoplasm also decreases with temperature. These assumptions are generally
based on the thermoelectric properties of polar liquids [54, 56]. The cytoplasm is a complex
system of biological material which reacts with a change in temperature to keep the cell
functioning normally. Considering such a system just as a polar liquid is an oversimplification.
That may explain why the permittivity of the cytoplasm does not behave the same as the medium
for which the cells are grown in, in which the permittivity does decrease with an increase in
temperature. A study of the reason for the observed increase in permittivity of cell membranes

and cytoplasm is beyond the scope of this dissertation.
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A simplified circuit model of a biological cell, which takes only the cell membrane of a

homogeneous cytoplasm into account, can be used to determine the electrical characteristics of a

cell due to an applied subnanosecond pulse with different temperatures.

+
N

E-Field in medium, E,= V,/d, l

Celi
Membrane

Fig. 3.1. Single shell cell model with the circuit diagram.
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Medium

Membrane
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The diameter of the cell and the thickness of the membrane are approximately 10 pm, and 7 nm,

respectively. The volume of the cell, assuming a spherical shape, is approximately 524 um®. For

a cell concentration of 6-10° cells/mL, the percentage of the total volume of the cells in the

medium is only 0.314%. For a uniform distribution of the cells within the medium, the distance

between each cell is approximately 55um. This distance can be used to approximate the

capacitance of the medium between the cells.
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The impedance of the medium, membrane and the cytoplasm can be described as
resistive or capacitive, depending on their relaxation time. The impedance of each layer is equal

to its resistive component, R, in parallel with its capacitive component, C:

. R R i wR%C 21
T1+joRC (WROZ+1 /(wROE+1 ‘
The absolute value of the impedance is equal to:
R
(VA e 3.2

~ J@WROZ+1

If (»-R-C)” >> 1, then the impedance of the layer is capacitive, whereas the impedance is resistive
for (@'R-C)* << 1. The relaxation time (z,) is equal to R-C and can be expressed in terms of the

conductivity and permittivity of each respected layer through the following derivation.

@ R-C)+1= [m-(a%A)-(E"'f'A)]:1=[m-(6°;6)]2+1=m2-r3+1 3.3

In (3.3), L and 4 are the length and area of the portion of the cell of interest, respectively.
However, the dimensions cancel out, leaving the relaxation time to be defined in terms of the
conductivity and permittivity only. If the pulse width is much greater than the relaxation time,

the impedance is resistive while if is capacitive of the pulse width is less than the relaxation time.

t K 1, = Capacitive t > 1, — Resistive

The relaxation time of the membrane is on the order of a microsecond, and on the order
of a nanosecond for the cytoplasm. The membrane charging model (Fig. 3.2) can be used for
nanosecond pulses, but for pulses in the subnanosecond range, the dielectric model should be
used. From the values in Table 3.1, the relaxation time of the cytoplasm increases from 1.8 ns to

2.5 ns with a temperature increase from 25°C to 47°C. For a pulse width of 200 ps (and less), the
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electric fields in the various parts of the cell are then defined by their permittivity, rather than
their conductivity. The electric field then acts directly on membrane proteins, rather than causing
charging of the membrane, and, if sufficiently strong, can cause direct and instant conformational
changes, such as voltage gating. Not only do these changes occur on the plasma membrane, but
on intracellular membranes as well. Therefore, it is likely that these subnanosecond pulses will

affect the plasma membrane in ways that nanosecond pulses are unable to do.

Cytoplasm Membrane

C
- ...Ee
—
1: Pulse Duration Membrane Charging Modei Dielectric Model
efo. <t1<gfo, gjo. > T

Fig. 3.2. Cell exposed to pulse durations greater than the relaxation time of the cytoplasm, and
less than the relaxation time of the membrane can be expressed by the membrane charging model.
Cells exposed to pulses less than the relaxation time of the cytoplasm can be expressed by the
dielectric model in which the permittivity plays a higher role than the conductivity [47].

I1L.III VOLTAGE INDUCED ACROSS THE MEMBRANE

The voltage across the membrane, Vy, in relationship to the applied voltage across the

sample, V,, is calculated as follows:

Y _ Zm 3.4
Voo Zm+Zc+2mea '




25

The impedance of the medium, membrane and cytoplasm are represented by Z g, Zn, and Z,,
respectively (Fig. 3.1). As stated above, the impedance of each portion can be determined by
their respected relaxation time constants. From Table 3.1, the relaxation time for the membrane
decreases from 5 ps to 1.7 ps for a temperature increase from 25°C to 47°C. Since the relaxation
time for the temperature range is orders of magnitude larger than the pulse width (200 ps) the
resistive component of the membrane can be neglected. The relaxation time of the cytoplasm
increases from 1.8 ns to 2.5 ns for a temperature increase from 25°C to 47°C. Since the
relaxation time is an order of magnitude larger than the pulse width, the resistive component of
the cytoplasm can also be neglected. For the medium, the relaxation time decreases from 500 ps
to 280 ps with an increase in temperature from 25°C to 47°C. The relaxation time of the medium
is on the same order as the pulse. In this case, both resistive and capacitive components of the

medium must be accounted for. Equation 3.4, with some algebraic manipulation, can now be

expressed as
Vﬂ: 5 Ryeq  Cineg +1 25
ooos Rmed * (Cmea + Cn) + 1+ %f" +5 Rmea * C_m,______________ea' Cm

The capacitance per unit area for the membrane and medium are approximately 2 pF-cm? and 1
nF-cm?, respectively (using the permittivity values for room temperature in Table 3.1 and a
thickness of 7 nm for the membrane, and 55 pm for the medium). Therefore, the medium
capacitance (Cn.q) can be neglected in the first term of the denominator. The cytoplasm
capacitance per unit area is approximately 25 nF-cm™. Therefore, the 1 in the denominator can be

neglected since C,,/C. >> 1. Equation 3.5 reduces to

Vﬂ_ S Rmeq * Cpea +1 36
v, .. o Cmed |, Cm )
5 S Rmea G (1+ e )+Cc



26

The ratio of the medium capacitance to the cytoplasm capacitance (Cpes/C,.) is much less than 1,

in which case, (3.6) can be reduced further:

Kgl_=s'Rmed'Cmed+1 3.7
Voo s R+ G + 8
¢

The 200 ps (FWHM) pulses can be approximated by a triangular pulse, with a rise and fall time
of 200 ps. In order to determine the voltage across the membrane at the peak of the pulse at 200
ps, only the rising portion of the pulse needs to be considered. The rise time of the triangular
pulse can be expressed as a ramp function, V(t} = V,t/1, in which 1 is the risetime of the pulse
(200 ps) and V, is the amplitude of the pulse. After performing an Inverse Laplace Transform
and expressing the resistive and capacitive terms in terms of their conductivities, permittivities
and characteristic dimensions, respectively, we obtain an expression for the temporal

development of the voltage across the membrane:

dm € 2-V, e84 d ~¢-Zmeddc
Vn(t) = .....’I‘...E.C_.%(t).,. .2 < m'(z'fc'aﬂ“fmed)'(e t2»8,,@;':!9—1) 3.8
(5

de &m T Omed * &m " 4.

By setting t = 1, V{1)/d, = V,/d, = E,, and expanding the exponential function by Taylor’s series

to the second order {the value in the exponent is very small compared to one}, {3.8) becomes:

E,-dn
V =
m(®) 285 Ey £ dy
de
'(T'do'Ec'amed+2'£o'Ec'Smed'do_r'?'amed'gmed) 3.9

By neglecting the last term in the bracket, which is very small compared to the first two terms, the

peak membrane voltage is given as:

d
Vn(7) = E, - ﬁ (T Omea +2° € * Emea) 3.10
0" €m
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Equation 3.10 is in 99.99% agreement with the voltage across the membrane in which the
full analytical solution was determined using Mathcad [57]. The membrane and medium, at
25°C, have a relative dielectric constant of 13.9 and 79, respectively. The electric field in the
membrane is 5.6 times higher than the electric field in the adjacent cytoplasm at 25°C whereas
this ratio is decreased to 3.5 for a temperature of 47°C. The conductivity of the medium increases
from 1.37 S/m to 2.03 S/m with a temperature increase from 25°C to 47°C. For an applied
electric field of 83 kV/cm, the voltage across the membrane, with a thickness of 7 nm, is 396 mV
at a temperature of 25°C and decreases to 281 mV for 47°C. The induced membrane voltage, due
to a constant applied electric field, decreases with an increase in temperature. This voltage will

be superimposed to the resting potential of the membrane.

LIV TEMPERATURE EFFECT ON RESTING POTENTIAL

The temperature has a direct effect on the membrane potential [11 - 13]. The magnitude
of the resting potential increases with an increase in temperature, most likely due to the change in
the passive permeability ratio of the ions [12, 13]. It has been shown that the effects on the
resting potential due to a change in temperature are immediate in muscle fibers and can drop 15
mV with a 10°C decrease in the temperature [12]. The voltage of the membrane with relation to

the temperature can be expressed with the Nertz equation [5, 12, 13]:

Vin

RTin [(PK+PNa)mrra:g_gm:ar] 311
F (Px+Pnadintraceltular ’

Where R, T, and F are the gas constant, temperature, and faraday constant. The permeability
constant of potassium and sodium are denoted Py and Py, respectively. A linear trend consists
between the temperature and the resting potential of the membrane. An increase in temperature
will cause an increase in the resting potential, which is superimposed on the voltage across the

membrane induced by an external electric field (Fig. 3.3(a)). Therefore, less electric field
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