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Abstract

The use of highvoltage pulsed dectric fields in biotechnology and medicine has lead to new
methods of cancer treatment, gene therapy, drug delivery, and non-therma inactivation of
microorganisms. Regardless of the application, the objective is to open pores in the cell membrane
and hence either fecilitate the delivery of foreign materials inside the cell, or to kill the cell
completely. Pulsed power supplies are needed for electroporation, which is the process of applying
pulsed electric fields to biologica cells to induce a temporary permeability in the cell membrane. The
applications of pulsed electric fields are dependent on the output pulse shape and pulse parameters,
both of which can be affected by the circuit parameters of the pulsed power supply and the
conductivity of the media being treated.

In this research, two Metal Oxide Field Effect Transistor (MOSFET)-based pulsed power supplies
that are used for electroporation experiments were designed and built. The first used up to three
MOSFETs in pardle to deliver high voltage pulses to highly conductive loads. To produce pulses
with higher voltages, a second pulsed power supply using two MOSFETS connected in series was
designed and built. The paralel and series MOSFET-based pulsed power supplies are capable of
producing controllable square pulses with widths of afew hundred nanoseconds to dc and amplitudes
up to 1500 V and 3000 V, respectively. The load in this study is a 1-mm electroporation cuvette filled
with a buffer solution that is varied in conductivity from 0.7 mS/m to 1000 mS/m. The results
indicate that by controlling the circuit parameters such as the number of paralled MOSFETS, gate
resistance, energy storage capacitance, and the parameters of the MOSFET driver gating pulses, the
output pulse parameters can be made almost independent of the load conductivity.

Using the pulsed power supplies designed in this work, an investigation into electroporation
mediated delivery of a plasmid DNA molecule into the pathogenic bacterium E. coli O157:H7, was
conducted. It was concluded that increasing the electric field strength and pulse amplitude resulted in
an increase in the number of transformants. However, increasing the number of pulses had the effect
of reducing the number of transformants. In al of the experiments, the number of cells that were
inactivated by the exposure to the pulsed electric field was measured.
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Chapter 1
Introduction

The use of pulsed eectric fields (PEFs) has found applications in biotechnology, medicine, food
processing and industrial applications. The use of PEFs in food processing applications has led to a
new method of nontherma inactivation of microorganisms. Industrial applications of PEFs include
the filtering of flue gas particles using electrostatic precipitators. The use of high-voltage pulsed
electric fields in biotechnology and medicine, which is the focus in this thess, has lead to new
methods of cancer treatment, gene therapy, drug delivery, and non-therma inactivation of
microorganisms. Regardless of the application, the objective is to open pores in the cell membrane
and hence, either facilitate the delivery of foreign materials inside the cell or to kill the cell
completely. Pulsed power supplies that capable of producing high voltage controllable pulses are
needed for electroporation.

1.1 Background

This section provides the necessary background information to form an understanding of pulsed

power supplies and the applications for which they are used, in the context of the research completed
in this thesis.

1.1.1 Electroporation

Electroporation is the process of applying pulsed electric fields to biological cells to induce a
permeability in the cell membrane. The process can be reversible or irreversible depending on, if the
permeability is temporary and able to reseal, or permanent, causing the membrane to rupture.
However, the mechanisms by which these pores are created and the origin of such pores are not fully
understood and till controversid [1-3]. The discussion below reveds two different schools of
thought for membrane breakdown. A comprehensive review of the theory of electroporation is
available in [4].

One explanation for the process of electroporation is an increase in the transmembrane voltage is
believed to result in a temporary agueous pathway across the membrane. Figure 1.1 illustrates the
lipid bilayer of cell membranes destabilizing under the influence of a pulsed electric field to form a

pore, which is one of the proposed models of electroporation.
1
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Figure 1.1: Process of pore formation: () normal cell membrane, (b) a cell excited by short electrical
pulse resulting in irregular molecular structure, (¢) the membrane being notched, (d) the

cell with a temporary hydrophobic pore, and (€) the cell with a hydrophilic pore after
membrane restructuring [5].

Zimmermann [6-7] proposed another model for electroporation, which is based on the
eectromechanical compression of the cell membrane. The pulsed electric field creates an attraction of
opposite charges induced on the inner and outer membrane, thus creating a compressive force. If the
strength and the duration of the field are high enough, the compressive force can cause the lipid
bilayer to become permeable to the medium.

Pulse width and electric field strength are two very important parameters and the ability to control
them in different ranges is a useful property of a pulsed power supply. The importance of the
flexibility of the pulse width and electric field strength is shown in Figure 1.2, which shows the
combination of these parameters that are needed for different applications.
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Figure 1.2: Applications of pulsed electric fields for various eectric strength and pulse widths [8]

The pore opening during electroporation alows for the insertion of drugs or genes into the cell [8].
Pulses having widths of 100 ns, and electric field strengths of 100 kV/m have been effective in
delivering drugs to mammalian cells, whereas, 20-ms, 5kV/m pulses have been effective in gene
delivery [9]. If the electric field strength exceeds the critical breakdown strength, the membrane will
be irreversibly damaged and the cell will die. Pulses in the microsecond range, with electric field
intensities in the tens of megavolts per meter, have been reported to kill bacteria in water and liquid
foods [8]. Recently, the ahbility to control the pulse width in the nanosecond region has received
increased attention due to the fact that pulses in the range of nanoseconds with eectric field
intengities in the range of severd megavolts per meter are able to manipulate the inner structures of
the biological cell, a process known as intracellular electromanipulation [10,11]. Also, nanosecond
pulses could be used for applications ranging from gene therapy to selected apoptosis induction and
tumour growth inhibition [12]. A comprehensive review of medical applications of electroporation is
available in [13].

There are many pulse parameters such as electric field strength, pulse width, pulse shape, rise time,
number of pulses per second, and time interval between the pulses that influence the process of
3



electroporation. However, the most important parameters for effective electroporation are pulse width
and the electric field strength [8,9]. In addition, a fast rise time is aso beneficia for applications
requiring pulses in the sub-nanosecond regime [14]. The key point is that the pulse parameters must
be highly controllable to get the optimal pore size and pore population, and avoid rupturing the cell
membrane causing the cell to be irreversibly damaged. The shape of the pulse also influences the
results in the applications of pulsed electric fields [15]. Therefore, pulsed power supplies that are
capable of controlling many o the important pulse parameters over a wide range and provide certain

pul se shapes, regardless of the medium conductivity, are highly desirable.

1.1.2 Fundamentals of Pulsed Power Supplies

The fundamenta purpose of a pulsed power supply is to convert alow peak-power, long duration
input pulse into a high pesk-power, short duration pulse. To accomplish this, the following
components are needed: a high-voltage power supply, an energy storage device, pulse compression
stage, impedance matching stage, a switch, and finally the load [16].

The high voltage power supply provides the energy that is to be stored in the energy storage device,
which in this research is a capacitor. Pulsed power supplies that use inductive storage devices are not
in the scope of this research, but are reviewed in [16]. The energy is stored in the capacitor until the
pulse is needed at which time the switch must close. When this happens, the energy goes through a
pulse compression stage or multiple stages, where the total energy is discharged in a short time. The
ideal case would be that all of the energy that is put into the systems s at the output; however, thisis
not the case, because real devices have parasitic losses. Good designs make use of circuit techniques
to minimize these losses One example is impedance matching, which is a condition for maximum
power transfer. The performance of the pulsed power supply can be assessed by its voltage amplitude,

rise-time, fall-time, pulse width, repetition rate, peak power and average power.

Early pulsed power supplies used tube-based switches such as thyratrons because of their high
voltage capabilities and fast turn-on times. However, with athyratron switch, only the turn-ontimeis
controllable, leaving the turn-off time dependent on the RC time constant of the load resistance and
the energy storage capacitor, leading to an exponential- decay pulse. Square pulses are more desirable
than exponential pulses of the same energy because more of that energy is delivered at higher field
strength, which is above the threshold field for the application. Thyratron-based pulsed power
supplies can use a pulse forming network (PFN) in order to deliver a square pulse. However, the PFN

4



can only be tuned to a single pulse width. Modifications are required for each pulse width that is
required. In addition, the PFN adds components to the system, which increases the cost and losses of
the circuit. Advances in semiconductor switches have lead to devices with higher voltage and current
ratings. Although semiconductor devices do not have as high voltage ratings as tube-based devices,
they can be stacked in series to abtain the required voltage ratings. Semiconductor switches have
controllable turn-on and turn-off, which allows them to produce square pulses of controllable widths.
A comparison between a semiconductor-based and a thyratron-based pulsed power supply is available
in [17]. Semiconductor switches aso have the advantage of higher repetition rates and longer
lifetimes. In this regard, a recent trend has been to use power semiconductor devices, mainly the
Metal Oxide Semiconductor Field Effect Transistors (MOSFETSs) and Insulated Gate Bipolar
Transistors (IGBTs), for pulsed power supplies to be used for biotechnology and medica
applications. Reference [18] tested several MOSFETSs and IGBTS for use in pulse applications and
noticed that MOSFETs were capable of faster turn-on and turn-off times but had lower voltage and
current ratings than IGBTs. A single IGBT -based pulsed power supply was used in [19] to investigate
the viability of Escherichia coli (E. coli) after exposure to 1.3MV/m and 1.5MV/m pulsed dectric
fields of 4 nsto 32 ns in duration. A single MOSFET -based pulsed power supply capable of
producing nanosecond pulses up to 400 V was designed and built in [14]. The design emphasis was
focused on a compact device that had control over the pulse shape. A similar 400-V nanosecond
pulsed power supply for use with electroporation-mediated drug and gene delivery was presented in
[20]. The pulsed power supply was capable of produces nanosecond to microsecond pulses into a 50-
W load. In order to overcome the lower voltage ratings of the MOSFET-based pulsed power supplies,
[21] designed, simulated and built a pulsed power supply using severa MOSFETS in series to
increase the voltage capabilities of the device. The pulsed power supply was capable of produces
square pulses up to 1500 V while maintaining both static and dynamic voltage balancing. Using the
topology presented in [21] a similar device using four MOSFETSs in series capable of produced 1500
V sguare pulses was presented [22]. Simulation results showed the effects of varying the load
resistance on the output pulse parameters.

1.2 Aim of the Present Work and Thesis Organization

New applications of pulsed electric fields are often realized when pulses with different parameters
are applied. In addition, the optimization of experiments and processes require the ability to vary the

pulse parameters in a controlled manner. The motivation for this work comes from the fact that “the
5



pulsed power community has not been strongly involved in the development of pulsed power systems
for bioelectrics, ...the development of pulsed power instrumentation for medical and biological

research was left to a large extent to clinicians and biologists [8].” As the application of pulsed
electric fields develop from laboratory-controlled experiments to in vivo applications, the control on
the load conditions and parameters decreases. As a result, pulse power supplies that are capable of
controlling many of the important pulse parameters over a wide range, and provide certain pulse
shapes regardless of the load conductivity, are highly desirable. Therefore, the research in this thesis
is focused on designing a pulsed power supply that is capable of producing pulses that can be
controlled, and are less dependent on the load. The pulse power supplies designed and built in this
research are used for experiments on electroporation-mediated plasmid DNA molecule delivery in E.
Coli 0O157:H7 (ATCC 43888). E. coli 0O157:H7 was first recognized as a food-borne pathogen in
1982, when it was associated with consumption of improperly cooked ground beef [23]. The reason
for which E. Coli 0O157:H7 was chosen for this research, was its degree of resistance to
transformation, leaving the potentia for significant improvements using a more controlled pulsed
power supply.

More specificdly, the objectives of the thesis are as follows:

To design aMOSFET -based pulsed power supply capable of producing square pulses with
amplitudes up to 3000 V and widths of afew hundred nanoseconds to dc.

To provide a high degree of control of the pulse amplitude, pulse width, number of pulses
and the time between pulses.

To investigate the effects of the circuit and load parameters on the output pulses and make
the pulses less dependent on the load conductivity.

To use the pulsed power supplies that were designed and built in this research to
investigate the effects of different pulse parameters on the el ectroporation-mediate plasmid

DNA ddlivery.
To improve the transformation of E. Coli O157:H7 with pGFPuv plasmid DNA molecule.
With respect to the abovementioned objectives, thisthesisis organized as follows:

Chapter 2 explains the design of the two pulsed power supplies that are designed and built

in this research. In addition, the power and control module that provides each pulsed power
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supply with its necessary low voltage power and control signalsis explained. A model for
the load, an electroporation cuvette, is also presented. Finally, the setup of the
electroporationmediated plasmid DNA ddivery into E. coli O157:H7 is presented. This
incdu des the preparation of electrocompetent cells, the electroporation protocol, and the
method of plating and counting.

Chapter 3 presents the results of varying the circuit and load parameters on the output
pulses produced by the MOSFET-based pulsed power supplies. Specifically, the effect of
varying the load conductivity, gate resistance, and energy storage capacitance on the pulse
amplitude, rise and fdl times, and pulse width are discussed. The results of the
electroporationrmediated plasmid DNA delivery experiments are presented as four separate
experiments, each consisting of severd trails for which different pulses were used. The
results show the number of transformants and the surviva ratio for different pulse widths,
amplitude, and number of pulses.

Chapter 4 provides the analysis and discussion of the results presented in the previous
chapter. This enables the important factors that influence the pulse parameters and the
electroporation experiments to be identified. In this chapter, the focus is on explaining the
results in detail, and whenever possible, comparing them to similar studies. In addition, the
results are applied to explain the results and trends that have been reported in the literature.

Chapter 5isasummary of thisthesis and provides some suggestions for future work.



Chapter 2
Experimental Setup

This chapter provides the necessary information to understand the circuits that were designed and
built, and the application for which they were used. The first section describes the pulsed power
supply circuit, one module at atime, while the second section describes the modeling of the load used
for the electroporation experiments. The final section contains the preparation, protocol and analysis
methods used to conduct an investigation into the electroporation-mediated plasmid DNA molecule
delivery into E. coli.

2.1 Design of the Pulsed power supply Circuit

This section describes the design, construction and operation of each of the modules of the pulsed
power supply circuits that were used in this research. There are two pulsed power supplies that were
designed and constructed; one with series connected and the other with parallel connected MOSFETS.
A modular design is used to build the two pulsed power supplies so that they can use the same power
supplies, control signals and energy storage capacitor.

2.1.1 Power and Control Module

The power and control module enables the pulsed power supply to be connected to, and be
powered from, a standard 110-Vrms electrical outlet. This increased flexibility allows the pulsed
power supply to function in any laboratory, an important feature because any work requiring
microorganisms should be conducted in a microbiology laboratory. This module replaces two externa
dc sources, a 15-Vdc power supply necessary to operate the MOSFET driver circuit and a 5Vdc
power supply needed to power the microcontroller. This module contains a microcontroller that
replaces the function generator that was initially used to vary the width of the pulses and the number
of pulses per second. A picture of the power and control module isillustrated in Figure 2.1.
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Figure 2.1: Power and control module of the pulsed power supply

2.1.1.1 Power Supplies

To function properly, the microcontroller and the MOSFET driver require a 5Vdc and a 15-Vdc
power supply, respectively. These supplies are built as part of the power and control module to make
the device more compact and less dependent on external components. Also, building the 15-Vdc
power supply for the MOSFET driver ensures that it is capable of supplying the required gate current,
in the required amount of time, during the turn-on and turn-off periods of the MOSFET. The only
external source that is needed for the pulsed power supply is the high voltage dc source that is used to
charge the energy storage capacitor. For this purpose, the WX5R200 5kV, 200-mA high voltage dc
source manufactured by Glassman High Voltage, Inc. was used. The reasons for using a commercial
high voltage dc source were: to save time in order to focus on the actual pulsed power supply circuit
and to take advantage of the safety interlocks that are built-in to the commercial source.

The power and control module is connected to standard 110-Vrms, 60-Hz electrical outlet and the
power is converted to dc using a conventional ac-to-dc converter and a voltage regulator. Figure 2.2
illustrates the circuit schematic that was used to produce the 15 Vdc and 5 Vdc from the standard
110-Vrms outlet.
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Figure 2.2: Circuit Diagram for the 15-Vdc and 5V dc power supplies

The 24-VA transformer has two secondary winding that were used separately to avoid the use of
two separate transformers. The transformer has a primary voltage of 115 V, and a secondary voltage
of 15 V. When the power and control module is initialy turned on, the discharged filter capacitor
appears as a short circuit, which may result in a large inrush current and significant over-voltages.
This can cause damage to the diodes in the rectifier bridge, the filter capacitor, or the load to which
the power supply is connected. To limit the inrush current, a 50-W thermistor is placed in series
between the rectifier bridge and the filter capacitor. When the thermistor is cold it has a resistance of
50 W. The resistance decreases to amost zero as current flows through it raising its temperature. The
50-W thermistor was selected based on the criterion that the inrush current should belessthan 1 A, as
al of the components will be rated above this value. The worst case occurs when the capacitor is
completedly discharged and the source is at its peak voltage value a the moment of turn-on. Circuit
analysis [24] confirms that the theoretical maximum voltage across the capacitor is 2V peak, Or 42.5V.
Using a 50-W thermisitor ensures that the inrush current does not exceeds 1 A. In the event that
excessive current is drawn from the source, the 500-mA fuse placed on the primary side of the
transformer will blow. As a protection against over-voltages, the 2.2-mF filter capacitor is rated at
50V, which is more than the 2V weax that could appear acrossit. The 7815 and 7805 are the 15-V and
5-V voltage regulators, respectively. They are followed by a small bypass capacitor that helps deliver
the required charge to the load in atransient period. The 5-V regulator has an input of 21.2 V, which
means that the total voltage drop acrossit is 16.2 V. However, thisis acceptable as it provides alow
current of 25 mA to the microcontroller. The resulting power dissipated in the voltage regulator is 0.4
Watts, which is well within its acceptable range of operation.
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2.1.1.2 Microcontroller

It has been established that precise control of the pulse parameters isimportant for the applications
of pulsed electric fields, especially when it is necessary to optimize a process. For this reason, it was
decided that a microcontroller should be used to send a signal to the MOSFET driver circuit. A
microcontroller would alow the user to control the pulse width, number of pulsesin a period of time
and the time between two successive pulses. In addition, the user can program any sequence of pulses
and the pulses do not have to be dl of the same width nor does the time between the pulses have to
remain constant. The criteria for selecting the microcontroller were: afast clock frequency that would
alow ahigh rate of instructions per second, alarge number of input/output pins, and a comprehensive
instruction set. Based on these criteria the PICLF458 micracontroller by Microchip Technology Inc.
was selected. The PIC18LF458 has a clock frequency of 40 MHz, ability to execute 10 million
instructions per second, 5 input/output ports, and an instruction set consisting of 75 instructions.
Since the PIC18LF458 has a clock frequency of 40 MHz and an instruction cycle of four clock
cycles, it can execute 10 million instructions per second. The result is that a single ingruction is
completed in 100 ns. This sets the limit for the smallest pulse width and time between pulses that can
be achieved. Other than the 100-ns limitation, the user has full control in specifying the pulse width,
number of pulses and the time between two successive pulses.

Programming the microcontroller was done directly in the Assembly language to ensure a fast
execution time. The MPLAB IDE v7.10 software and the PICSTART Plus programmer were used to
program the microcontroller. The code used in the first set of electroporation experimentsis given in
Appendix A. The code has four, of the sixty-four, pulse sequences programmed. Modifications or
additions to these pulse sequences are possible; however, it requires that the new program be
downloaded to the microcontroller.

The microcontroller monitors seven inputs consisting of a push button and a set of six dua in-line
package (DIP) switches. The six DIP switches allow the microcontroller to select between 64 (29
pre-programmed pulse sequences. Whenever the push button is pressed, the microcontroller reads the
status of each of the DIP switches and executes the code for the selected pulse sequence. The
microcontroller then outputs a pulse sequence having an amplitude of 5V to the MOSFET driver.
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2.1.2 MOSFET Driver and MOSFET

The ideal MOSFET for this research would be able to withstand a high drain-source voltage and
have a high pulsed current rating. The MOSFET must be able to turn on and off quickly and have a
low on-state resistance. Based on these criteria, the MOSFET s that were used to design and build the
pulsed power supplies in this research were the 2SK 3748, manufactured by Sanyo. This MOSFET
has a drain-source breakdown voltage of 1500 V and a pulsed current rating of 8 A. The high
breakdown voltage alows the amplitude of the output pulses to be higher, which increases the
strength of the pulsed electric field. The 8 A pulsed current rating enables the pulsed power supply to
be connected to a low-resistance load. The MOSFET has an on-state resistance of 5.5 W however,
comparable MOSFETSs had an on-state resistance of up to 10 W. When the MOSFET is on, a voltage
drop will occur across the 5.5-W on-state resistance, which increases as the load current increase.
Finaly, the 2SK3748 has an input capacitance of 800 pF that must be charged and discharged in
order to turn the MOSFET on and off. The microcontroller is not capable of fully and rapidly
charging and discharging the input capacitance of the MOSFET; therefore, a MOSFET driver was
used.

The ability of the MOSFET driver circuit to charge the input capacitance of the power MOSFET
determines its switching behavior and power dissipation. The driver should have a small output
impedance so that its current driving capability is large enough to rapidly charge the input
capacitance. The MOSFET driver circuit that was used to drive the 2SK3748 MOSFET isillustrated
in Figure 2.3. The 15-V source and the microcontroller are part of the power and control module and
the rest of the circuit was built as close to the MOSFET as possible to minimize the stray inductance.
This driver circuit is inverting, which means alow input results in a high output. Thus, during the off
period the microcontroller was programmed to give a high output, which turns the -MOSFET on and
the pMOSFET off. As aresult, the output node of the MOSFET driver is a ground potential keeping
the power MOSFET inits off state. When a pulseis to be given, the microcontroller output transitions
to ground potentia thereby, turning pMOSFET on the rMOSFET off. The output of the MOSFET
driver is at a potentia of 15V and charges the input capacitance of the power MOSFET.
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Figure 2.3: MOSFET Driver circuit

This MOSFET diver is used to drive multiple MOSFETSs in parallée to reduce the cost, number of
components, complexity of the board layout and complexity in synchronizing the turn-on and turn- off
of the MOSFETs. However, the rise and fal times of the gate pulse increase as the total input
capacitance increases when MOSFET s are connected in parallel.

2.1.3 Pulsed power supply Using Parallel MOSFETs

This section describes the design and operation of a MOSFET -based pulsed power supply, which is
capable of producing controllable square pulses with amplitudes up to 1500 V and widths of a few
hundred nanoseconds to dc. This pulsed power supply uses one driver circuit to drive one, two or
three MOSFETSs in paradlel. MOSFETS are easily used in pardlel, even without the use of a series
resistor in the source termina because they have a positive temperature coefficient, which means that
when the temperature of the MOSFET increases, so does its on-state resistance. This helps to ensure
that the load current will be shared evenly amongst the MOSFETSs. For example, if one MOSFETSs
starts to take more current, it will heat up and as a result, its on-state resistance will increase. The
increase in on-state resistance will reduce the amount of current passing through the MOSFET.

The motivation for using severd MOSFETs in paradle is to decrease the effective onstate
resistance of the switches. When the resistance of the load is smdll, the voltage of the output pulse can
be significantly decreased. The reason for this is that the increased current due to the low resistance
causes a larger voltage drop across the MOSFET' s on-state resistance (5.5 W), leaving less voltage to

appear across the load. If it would be possible to reduce the vaue of on-state resistance, then the
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amount of voltage drop across the switch would decrease. By paralleling MOSFETS, the equivalent
on-state resistance decreases, resulting in a smaller voltage loss across the switch, alowing more
voltage to appear across the load. By switching two or three MOSFETS in pardllél, the effective on
state resistance can be reduced by a haf or a third, respectively (assuming the MOSFETSs have
identical values of on-state resistance).

Figure 2.4 illustrates the circuit diagram of the parale-MOSFET pulsed power supply that was
designed and built for this research. A photo of the actual circuit is shown in Figure 2.5. The pulsed
power supply consists of a MOSFET driver circuit, gate protection circuitry to protect the MOSFET,
up to three paralel 1500 V MOSFET (2SK 3748), an energy storage capacitor (8 ni), a high-voltage
dc source and the load, an electroporation cuvette. In Figure 2.4 the cuvette is modeled as aresistor in
paralel with a capacitor, which is discussed in Section 2.2.
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Figure 2.4: Circuit diagram of the paralletMOSFET pulsed power supply
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Figure 2.5: Picture of the three paralle-MOSFET pulsed power supply circuit board

The MOSFET driver is powered by a 15-Vdc source and accepts an input from the microcontroller,
which is modeled in Figure 2.4 as a pulsed voltage source. The output pulse of the driver is sent to the
gate of the MOSFET through a current limiting resistor that protects the MOSFET by damping the
voltage oscillations during the turn-on time. A 4W resistor was used because the added gate

resistance increases the switching times of the MOSFET, as it dows the charging of the gate-to-
source capacitance (Cg9 of the MOSFET. A diode is placed anti-parallel to the gate resistor,
alowing the current to bypass the resistor in order to turn the MOSFET off faster. The 1N4148 diode
was chosen because of its fast reverse recovery time of 4 ns. The two zener diodes have a zener
voltage of 18 V, which keeps the gate-to-source voltage within a safe range of £18 V. The gate-to-
source voltage of the MOSFET should not exceed +20 V as it could damage the gate oxide, which is

the most common cause of failure in a power MOSFETSs [25].

The high-voltage source charges the 8nf energy storage capacitor through the kW resistor
during the time in which the MOSFETSs are in the off state. When the MOSFETs are switched on, the
capacitor discharges through the switch and the load, producing a negative voltage pulse across the
load. The capacitance of the energy storage capacitor is an important circuit parameter as it influences
the time it takes for the capacitor to become fully charged, number of pulses per second that can be
ddivered to the load, and the maximum voltage amplitude that can be sustained for the entire duration
of the pulse.



The time it takes for a capacitor to become fully charged increases linearly with its capacitance;
however, a larger capacitance can store more energy. Reference [14] provides calculations for the
amount of energy required by each pulse and in the case of multiple pulses. A larger capacitance is
better when a single, longer pulse is needed but a smaller capacitance is more appropriate if multiple
shorter pulses are needed. For this research the former is preferred and an 8 nt capacitor was chosen.
The voltage rating of the capacitor should be greater than 1500 V in order to provide a margin of
safety over the maximum voltage of the MOSFET. For this pulsed power supply, the 8ni- capacitor
was rated at 2000 V.

2.1.4 Connecting MOSFETs in Series for Increased Voltage Capability

This section describes the design and operation of a MOSFET -based pulsed power supply, which is
capable of producing controllable square pulses with amplitudes up to 3000 V, and widths of a few
hundred nanoseconds to dc. Since the MOSFETSs that were used are rated for 1500 V, and exceeding
this rating can damage them, two MOSFETs were connected in series. Connecting the two MOSFETs
in series enables them to share the voltage, thereby allowing the total applied voltage to be twice that
of the rating of one MOSFET. This pulsed power supply uses one driver circuit to drive two
MOSFETS that are connected in series, which reduces the number of components and simplifies the
board layout. The MOSFET driver circuit, gate protection circuitry, power sources, and the load are
the same as those used in the paralle-MOSFET pulsed power supply and will not be discussed again
in this section. Instead, the focus is on how the two MOSFETS can be connected in series and
triggered wsing only a single driver circuit. The circuit diagram and an actual picture of the pulsed
power supply are shown in Figure 2.6 and Figure 2.7, respectively.
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Figure 2.6: Circuit diagram of the seriesMOSFET pulsed power supply

Figure 2.7: Picture of the seriesMOSFET pulsed power supply
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The design of the series connection of the MOSFETS is based on the ideas that are presented in
[26-29]. It uses a gate-side technique that makes use of the MOSFET’s internal capacitances to
achieve synchronization of the gate signals. This technique was used in [27] and resulted in afast and
balanced turn-on of the series MOSFETs without any additional |oad-side voltage balancing device,
such as snubber circuits. The design uses a single MOSFET driver and an additional capacitor placed

between the gate of the second MOSFET (Cyge) and ground. The proper operation of the circuit
relies on the voltage divison among the effective gate-source capacitance and Cyge When the
MOSFET connected to the driver turns on, the change of its drain voltage divides across Gyt and

Cgae Neglecting the drain-source capacitance and assuming the gate-source voltage is zero, the

effective gate-source capacitance can be calculated according to (1.1)

dv
Cgseﬁ = Cgs + CZener + ng (1+ d—\/d)

g

2.1)

where Czener 1S the capacitance of the 18-V zener diode placed between the gate and source to protect

the gate oxide from overvoltage. The third term in (2.1) is the miller capacitance. Assuming that both
of the drain-source voltages are the same prior to switching, the charge on the gate capacitor is given
by (2.2)

Q= Cgate >VDS (2.2)
After switching, the charge is distributed between Cget and Cygeas shown in (2.3)
Q = Cgate >13\/g32 + Cgseff >DV952 (2.3)
Combining (2.2) and (2.3), aformulafor Cyge is obtained as shown in (2.4)

DV,

gs2 )Cgseﬁ

ate 24
gt Dle - DVgsZ @9

For power MOSFETS, the gate-source capacitance is approximately equal to the input capacitance
(Ciss) and the gate-drain capacitance is equal to the reverse transfer capacitance (Crss) when the gate
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voltage is zero. The 2SK3748 MOSFETs have an input and reverse transfer capacitance of 800 pF
and 90 pF, respectively. The change in voltage of the drain of MOSFET M1 and gate of MOSFET
M2 are 1500 V and 18 V, respectively. The capacitance of the zener diode is 210 pF. Using these

values in the equations above yields an effective gate-source capacitance of 8600 pF and a Cyate Of

105 pF. Analysis of the circuits reveals that this gate capacitor should be rated for at least 1500 V. A
270-pF capacitor rated at 3 kV was chosen to be used in the circuit because it was shown
experimentally that increasing the value of Cggeto 270 pF resulted in amore equal dynamic voltage
sharing. This is mogt likely due to the stray capacitances and the drain-source capacitance that were
omitted in the design, and values used were al typica values and were not necessarily obtained under

the same conditions that this pulsed power supply is being used.

The shunt resistors that were placed between the drain-source terminals of the MOSFETSs ensure
equal voltage sharing when the MOSFETSs are not conducting. In order to achieve equal voltage
sharing when the MOSFETSs are not conducting, the current in the shunting resistors must be greater
than leakage current of the MOSFETSs. In addition, the power rating of the resistors had to be
considered during the design. Low resistances would have to be rated at higher power because they
would alow more current to flow through them. In addit ion to the increased losses of the circuit at
low resistances, high power resistors would be more costly, more difficult to find, physicaly larger,
and have more parasitic inductance, which leads to greater overshoot and oscillations due to the rapid
svitching.  With these design constraints, 1.2-MW, 2-W resistors were used in this circuit. The
resulting current of 1.25 mA flowing though the shunt resistors is sufficiently larger than the 100-nA
zero-gate voltage drain current of the MOSFETS, to ensure equa voltage sharing.

Finaly, there are two addition points that need to be made. The first point is that the rating of the
energy storage capacitor had to increased beyond 3000 V, as thisis the maximum working voltage of
the circuit. Due to the availability, a 5nF capacitor rated at 3.5 kV was used. The second point
explains why MOSFETs were used in the circuit instead of Insulated Gate Bipolar Transistors
(IGBTSs). In addition to faster switching times and high switching frequency, MOSFETSs are mgjority
carrier devices and thus, there are no stored charges that need to be evacuated before turning the
device off. However, IGBTs are minority carrier devices that do require charges to be evacuated
before turn-off. As a result, the series connected MOSFETSs have been shown to turn off nearly

simultaneously, whereas IGBTSs could potentially turn-off in sequence.
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2.2 Modeling of the Electroporation Loads

The load used in this research is a -mm gap dectroporation cuvette from Bio-Rad Laboratories,
which is commonly used in real in-vitro biological experiments. A picture of the electroporation
cuvette is shown in Figure 2.8. Electroporation cuvettes are also available in 2mm and 4mm gap
spacing; however, the need for high eectric field strength supported the decision to use the cuvette
with the smallest gap spacing.

RCUVETTE

§ CCUVETTE

€) (b)
Figure 2.8: (a) picture and (b) model of al-mm gap electroporation cuvette

The cuvette, which contains two parallel plate electrodes, is modeled as a resistor and a capacitor in
parald as shown in Figure 2.8b. The value of the load resistance is calculated using (2.5),
14 25
R = (25)

cuvette
s xA

where 7 is the gap distance between the eectrodes, s is the conductivity of the buffer solution
between the electrodes and A is the area of the electrodes. The value of the load capacitance is
calculated using (2.6),

— e.e A (2.6)
cuvette d

C
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where e, is the permittivity of free space (8.85 x 10™ F/m), e, isthe dielectric constant of water (80),
A isthe area of the electrode, and d is the gap distance between the electrodes.

When conducting electroporation experiments, the cells and the plasmid DNA are suspended in a
low conductive buffer and inserted into the cuvette, between the two electrodes, where they are
subjected to a pulsed eectric field. However, to test the performance of the pulsed power supply
under different load conditions, it is necessary to vary the conductivity of the medium. In order to
vary the medium conductivity, small quantities of table salt were added to samples of de-ionized
water to produce samples with conductivities ranging from 0.7 mS/m to 1000 mS/m. When these
samples are placed into the cuvette, the equivalent resistances that were calculated. using (2.5) ranged
between 10 Wand 15 kW. The capacitance of the load is independent of the medium conductivity and
is calculated using (2.6) to be 35 pF.

2.3 Electroporation of Escherichia coli O157:H7

Using the pulsed power supply designed above, an invegtigation into electroporation- mediated
plasmid DNA molecule delivery was conducted. The goal was to ddiver the 3.3-kb pGFPuv plasmid
DNA into E. coli O157:H7 (ATCC 43888) using a pulsed eectric field developed across paralléel
plate electrodes. Since E. coli O157:H7 is a pathogenic bacterium, these experiments were conducted
in a level 1l containment microbiology lab at the Canadian Research Institute for Food Safety
(CRIFS), University of Guelph in Guelph, Ontario. The pGFPuv plasmid is commercially available
from Clonetech which contains the pMB1 origin of replication from pUC19, a mutant GFP gene from
marine jellyfish Aequorea Victoria, and a bla gene for ampicillin resistance; both of the last two
properties facilitate selection and confirmation of the transformants.

Although the main god is to deliver the plasmid DNA into the E. coli, inactivation of the cell is
also another area of interest. Therefore, determining the number of inactivated cells due to the pulsed
electric field was aso investigated. This information could reveal whether low transformation
efficiency is due to a high number of cells being inactivated.

2.3.1 Preparation of Electrocompetent Cells

In this section, the method of preparing electrocompetent cells is described. The actual procedureis
provided in Appendix B [30], is described. Electrocompetent cells are those cells that have been
optimized for the introduction of DNA by electroporation.
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E. oli O157:H7 (ATCC 43888) was inoculated into 10 ml of LB-broth and alowed to grow
overnight at 37°C while shaking at 200 rpm. Two milliliters of the overnight culture was transferred
into 200 ml of fresh LB-broth in a 500-ml flask and allowed to grow at the same conditions. Once the
optical density (at 600 nm) of the culture reached 0.5-0.7, the flask was placed on ice to prevent any
further growth. In the specified range of optical density, the cells are known to be in the exponential
growth stage, which is optimal for electroporation. The culture was then transferred into a centrifuge
tube and placed in the centrifuge at 4000 g for 10 minutes at 2°C. The supernatant was discarded and
the remaining cell pellet (cells brought together by the centrifugal force) was resuspended in the same
volume of ice-cold 10% glycerol. The mixture was then centrifuged at 4000 g for 10 minutes at 2°C.
Again the supernatant was discarded, the cell pellet was resuspended in 200 ml ice-cold 10% glycerol
and the mixture was centrifuged under the same conditions. The supernatant was discarded and the
cell pellet resuspended in 40 ml of ice-cold 10% glycerol and transferred into a smaller centrifuge
tube. The mixture was centrifuged one final time at the same conditions but only for 5 minutes. The
supernatant was discarded and the cell pellet was resuspended in 1 ml of ice-cold 10% glycerol. The
process of centrifuging the cells suspended in 10% glycerol washes the cells, eiminating the
conductive ions from the previous suspension medium. Failure to sufficiently wash the cells can
result in arcing of the electrodes in the cuvette. From the fina mixture of cells suspended in 10%
glycerol, 100 m of cell suspension was mixed with 2 m of plasmid DNA and placed between the
electrodes of the cuvette. The plasmid DNA was dissolved in 10 mM Tris-HCL (pH 8.5) and its

concentration was 72.5 ng/ml.

2.3.2 Electroporation Protocol

Once the cell suspension and plasmid DNA have been mixed and placed into the 1-mm gap of the
cuvette, it is time to apply the pulsed eectric field. The DIP switches on the power and control
module are set to deliver the desired pulse sequence, the high-voltage sources is set to the desired
value and the push-button is pressed. The pulse sequence to which the cells are subjected ismeasured
and recorded on the oscilloscope. LB-broth then is added to the cuvette immediately after the pulse
sequence was applied. It is important that the period between applying the pulse and transferring the
cells to outgrowth medium be kept to a minimum. Delaying this transfer by even 1 minute can cause a
3-fold reduction in the number of transformants [31]. The cdl suspension is then transferred to a
microcentrifuge tube, incubated at 37 °C for 40 minutes, while shaking at 200 rpm, before creating
and plating the required dilutions.
22



2.3.3 Plating and Counting

In these experiments, both the number transformed and inactivated cells are measured using
selective and non-selective media plates, respectively. The selective plates are made of LB-agar and
supplemented with ampicillin at a final concentration of 50 mg/ml (1-ml stock solution, 50 mg/ml
into 1 L of melted LB agar); therefore, only the transformants, the cells that obtained the ampicillin-
resistance gene on the plasmid will be able to grow and form colonies on these plates. The non-
selective plates contain only LB-agar, which alows al of the surviving cedlls to grow and form
colonies.

To ensure the validity of the experimental results, a positive and a negative control were plated for
each set d experiments. The positive control is very similar to the actua experimentd test, but is
known to give a positive result. The purpose of the positive control is to confirm that the basic
conditions of the experiment were able to produce a positive result. In this experiment, the untreated
E. coli cells were plated on an LB-agar plate, without any antibiotic (ampicillin), to confirm that the
E. coli were present and able to grow on the plates that were made. The negative control is an
experiment that is known to give a negative result. The purpose of the negative control is to ensure
that a positive result istruly a positive result. In this experiment, untreated E. coli cellswere plated on
the selective media plates to confirm that no colonies would form To ensure the accuracy of the
results, severa dilutions of each sample were made in sdine so that the colony count could be
obtained from a plate that contained 25 to 250 colonies. To determine the total number of surviving
cells in a sample, dilutions up to 10° were plated on the non-selective plates. To determine the
number of cells that were transformed, dilutions up to 10 were plated on selective plates. Also, every
dilution of every sample was plated twice so that the count could be averaged.

After the necessary dilutions were made, 0.1 ml of the sample was spread evenly on the plates,
which were then incubated at 37°C for a period of 16 to 20 hours. The number of colonies on a plate
was counted and recorded before sending the plates to be autoclaved. The number of colonies and the
dilution factor (DF) are then used in (2.7) to determine the number of colony forming units (CFU) per

milliliter.
CFU/mL = 10xDF xNumber of Colonies (2.7)

Since 0.1 ml was plated, the extra multiplication by 10 is needed to present the results in CFU/ml.



Chapter 3

Results

In this chapter, the results of varying the circuit and load parameters on the output pul ses produced
by the paralle-MOSFET and seriesMOSFET pulsed power supplies, described in Section 2.1.3 and
Section 2.1.4 respectively, are presented. The load conductivity, gate resistance, and energy storage
capacitance are varied in order to see their effect on the pulse amplitude, rise and fall times, and pulse
width. In al of the experiments, the output voltage pulses are measured across the electroporation
cuvette using a Tektronix P5100B 250-MHz, 100X voltage probe, and a Tektronix TDS 3044B 400-
MHz, 5GS/s oscilloscope. The series and paralel pulsed power supplies produce negative pulses,
which creates some confusion when referring to the rise and fal times of the pulse. For negative
pulses, the oscilloscope measures the leading edge of the pulse as the fall time and the trailing edge of
the pulse as the rise-time. Therefore, when the MOSFET turns-on the fal-time of the pulse is
recorded and when the MOSFET turns-off the rise-time of the pulse is recorded, both using the 10%
and 90% levels. The oscilloscope measures the pulse width at the full-width half -maximum (FWHM),
which is the width at the middle of the pulse.

The results of the experiments on eectroporation-mediated plasmid DNA molecule delivery
described in Section 2.3 are also presented. The electroporation results are presented as four separate
experiments, each consisting of severd trails for which different pulses were used. For a complete

analysis, the results include the transformation and cell inactivation efficiencies.

3.1 Varying the Conductivity of the Load

To study the effect of the load conductivity, small quantities of sodium chloride were added to
samples of de-ionized water to produce samples with conductivities ranging from 0.7 mSm to 1000
mS/m. This range of conductivities includes many of those used in applications of pulsed eectric
fields. These samples were placed into a - mm gap electroporation cuvette, which was connected to
the pulsed power supply. The pulsed power supply was used to deliver a single 500-V pulse to the
electroporation cuvette. The experiments were completed with the seriesMOSFET pulsed power
supply, as well as the paralleHIMOSFET pulsed power supply using one, two and three MOSFETSs in
parallel. Figure 3.1 shows a sample output pulse produced by the paralle-MOSFET and series
MOSFET pulsed power supplies with aload conductivity of 0.7 mS/m.
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Figure 3.1: Measured output voltage waveforms with a load conductivity of 0.7 mS/m using (A) the
parale-MOSFET and (B) the seriesMOSFET pulsed power supply.

3.1.1 Effect on the Pulse Amplitude

The amplitude of the pulse is an important parameter as it is directly proportiona to the resulting
electric field to which the load is subjected. In this section, the pulse amplitude that was measured,
was the voltage level at the moment before the pulse is removed, which is the maximum voltage that
was sustained throughout the entire duration of the pulse. As the conductivity is changed the
resistance of the load also changes according to (2.5). This change in the resistance of the load has an
effect on the amplitude of the pulse. Figure 3.2 illustrates the effect of the conductivity on the pulse
amplitude for the seriesMOSFET pulsed power supply and the paraletMOSFET pulsed power
supply. According to Figure 3.2, an increase in conductivity results in a decrease in the pulse
amplitude, meaning that the lesulting electric field strength would be reduced. In general, at low
conductivities, a small or no reduction in pulse amplitude is experienced. However, as the
conductivity increases further, the pulse amplitude decreases to a point where the resulting electric
field would not be useful in performing its desired effect.
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Figure 3.2: Measured output amplitude versus load conductivity for one, two and three parale
MOSFETs and two series MOSFETS

If the pulsed power supply using one MOSFET is used as a basis for comparison, it can be seen
that using MOSFETSs in parale results in a smaler decrease in pulse amplitude, whereas using
MOSFETSs in series increases the reduction in pulse amplitude. For a load conductivity of 1000
mS/m, using two and three MOSFETs in parallel increased the pulse amplitude by 17% and 28% over
the value obtained using only a single MOSFET, respectively. However, when two MOSFETs were
used in series, the pulse amplitude decreased by 27%, when compared to that for asingle MOSFET.

3.1.2 Effect on the Rise and Fall Times of the Pulse

The results presented in Figure 3.3 show the effect of the load conductivity on the falltime of the
pulse with one, two, and three MOSFETSs in paralldl, and of two MOSFETSs in series. In genera, as
the conductivity increased, the fall-time increased, indicating that the fall-time is dependent on the
load. The fall-time times of the pulses produced by the series pulsed power supply are comparable to
those produced by the single MOSFET pulsed power supply, which should be the case as the two
series MOSFETSs should turn-on at the same time. However, an increase in fall-time is expected and
observed when paralel MOSFETSs are being switched, because only a single MOSFET driver was
used to drive the parallel switches. At aload conductivity of 1000 mS/m, the fall-time when using
two and three paraleled MOSFETSs required two and three times the amount of time, respectively. It
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appears that the number of MOSFETSs in parale increased the fall-time more than the conductivity of
the load.
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Figure 3.3: Measured output fall-time versus load conductivity for one, two and three parallel
MOSFETs and two series MOSFETs

The results presented in Figure 3.4 show the effect of the load conductivity on the rise-time of one,
two and three MOSFETs in parallel and of two MOSFETSs in series. In general, a low conductivities,
increasing the conductivity results in a rapid decrease in rise-time. However, at conductivities above
200 mS/m, increasing the conductivity did not change the rise-time. Since the load mainly determines
the rise-time, there is no significant change in the rise-time when severa MOSFETSs are switched in
paralel, except when the load conductivity is very low, which is close to having no load. The rise-
time varied inversaly with the load conductivity, due to the fact that the resistance of the load is
inversely proportional to the load conductivity (2.5). Therefore, as the conductivity increased, the
load resistance decreased and the rise-time became faster.
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3.1.3 Effect on the Pulse Width

The width of the pulse is an important parameter as it determines the duration of the resulting electric
field to which the load is exposed. Figure 3.5 illustrates the effect of the load conductivity on the
pulse width for one, two, and three MOSFETs in paralld and of two MOSFETs in series. The y-axis
on the right-hand-side of Figure 3.5 has a different scale and applies only to the data of the two
MOSFETs in series. The reason for this second scale is that the series pulsed power supply was
programmed for longer pulses at the time of the experiment. However, this does not affect the results,
as we are interested only in the variation from its programmed pulse width with load conductivity.
Since the rise and fall times changed with load conductivity and the number of MOSFETS used in
pardlel, it is expected that the width of the pulse will change as well.
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Figure 3.5: Measured output pulse width versus load conductivity for one, two and three paralléel
MOSFETs and two series MOSFETs

The results in Figure 3.5 show that the pulse width decreased when the load conductivity was
increased. However, the change in pulse width over the entire range of conductivities is on the order
of 200 ns, which is similar to the corresponding change in rise-time. In addition, at conductivities
above 200 mS/m, increasing the conductivity further did not change the pulse width significantly.
Therefore, the pulse width becomes smaller with increasing load conductivity because of the decrease
in rise-time observed in Figure 3.4. When comparing the variation in pulse width when using multiple
MOSFETS, it is seen that the pulse width is longer when multiple MOSFETs are switched in paralle
because of the increase in fall-time observed in Figure 3.3. With the controllability implemented in
the power and control module, obtaining a desired output pulse width independent of the load
conductivity can be achieved by adjusting the width of the output pulse of the microcontroller to
compensate for any difference due to the load or circuit parameters.

3.2 Varying the MOSFET Gate Resistance

The gate resistance is the resistance that is placed between the MOSFET driver and the MOSFET.
In Figure 2.4, it isthe 4-W resistor. The diode that was placed in anti-parallel to the gate resistor has

been removed for tis set of the experiments, in order to see the effect of the gate resistance on the
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risetime as well. To study the effects of the gate resistance on the pulse parameters, the gate
resistance was varied from 4 Wto 100 W while a 500-ns, 500V pulse was given and recorded. For
each value of gate resistance, the load conductivity was varied from 0.7 mS/m to 600 mS/m to see if
the effect of the gate resistance would change. Since both the parald and seriesMOSFET pulsed
power supplies used the same MOSFET driver circuit, and the differences between the pul sed power
supplies were aready noted in Section 3.1, these results were obtained using only the parallet
MOSFET pulsed power supply with asingle MOSFET.

3.2.1 Effect on the Pulse Amplitude

The results of varying the gate resistance on the pulse amplitude over arange of load conductivities of
0.7mSm to 600 mS/m are shown in Figure 3.6. As expected, the pulse amplitude is smaller for
higher conductivity loads. However, the pulse amplitude was not change signif icantly by increasing
the gate resistance from 4Wto 100 W, at any value of load conductivity.

Pulse Amplitude versus Gate Resistance
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Figure 3.6: Measured output pulse amplitude versus the gate resistance for load conductivities of
0.7 mS/m to 600 mS/m.
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3.2.2 Effect on the Rise and Fall Times of the Pulse

The effect of the gate resistance on the fall and rise times, for load conductivities of 0.7 mS/m to 600
mS/m, is shown in Figure 3.7 and Figure 3.8, respectively. From these figures, it is clear that
increasing the gate resistance resulted in a linear increase in the rise and fdl times of the MOSFET.
The fastest fdl-time (18 ns) was achieved with the lowest load conductivity of 0.7 mS/m and the
lowest gate resistance of 4 W. The dowest fal-time (147 ns) occurred with the highest load
conductivity of 600 mS/m and highest gate resistance of 100 W Notice that varying the load
conductivity did not influence the linear relationship between the gate resistance and the fal-time;
however, increasing the conductivity did decrease the fdl-time, which is consistent with the results
presented in Section 3.1.2.
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Figure 3.7: Measured output pulse falltime versus the gate resistance for load conductivities of
0.7 mSm to 1000 mSm.

The fastest rise-time of 24 ns occurred with a load conductivity of 150 mS/m and a gate resistance of
4 W. The dowest rise-time of 238 ns occurred with a load conductivity of 0.7 mS/m and a gate
resistance of 100 W. Notice that for the 4-W gate resistance, there is a significant difference in rise
time for aload conductivity of 0.7 mS/m and the other values of load conductivities. However, asthe
gate resistance is increased, this difference decreased, which shows that as the gate resistance is

increased, the effect of the gate resistance becomes more significant.
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Figure 3.8: Measured output pulse risetime versus the gate resistance for load conductivities of
0.7 mS/m to 1000 mS/m.

Although the gate resistance can be used to control the rise and fall times of the pulse, it isimportant
to redlize that the switching power losses of the MOSFET increase with both the rise and fall times. If
the rise and fall times are increased too much, then it is possible that the MOSFET, even with a heat
sink, will not be able to dissipate the power losses and will eventudly fall.

3.2.3 Effect on the Pulse Width

The effect of the gate resistance on the pulse width, for load conductivities of 0.7 mS'm to 600 mS/m,
is shown in Figure 3.9. The width of the pulse is programmed to be 500 ns, which was the pulse
width that was chosen for this experiment. The resultsin Figure 3.9 indicate that as the gate resistance
isincreased from 4 W to approximately 50 W, the pulse width increased; however, increasing the gate
resistance beyond 50 W did not results in a significant change in the pulse width. With an input of
pulse width of 500 ns, a maximum output pulse width of 1300 ns was observed using a 100-W gate
resistor and a load conductivity of 0.7 mS/m. In general, the increase in pulse width was grester at
lower values of load conductivity, atrend that is consistent with the results reported in Section 3.1.3.
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Figure 3.9: Measured output pulse width versus the gate resistance for load conductivities of
0.7 mS/m to 1000 mS/m.

With the controllability implemented in the power and control module, obtaining the desired output

pulse width can be achieved by adjusting the width of the output pulse of the microcontroller, to
compensate for any difference due to the load conductivity.

3.3 Varying the Energy Storage Capacitance

The capacitance d the energy storage capacitor is an important parameter as it determines the
amount of charge that the capacitor can hold and the amount of time it takes to acquire that charge.
Asit turns out, the capacitance of the energy storage capacitor can influence the pulse amplitude, rise
and fdl times, and pulse width. To study the effect of the energy storage capacitance on these pulse
parameters, the control module was programmed to output a 20-rrs pul se, the high-voltage source was
set to supply 500 V, and the capacitance was varied from 100 nF to 15 ni. For each vaue of
capacitance, the conductivity of the load was varied from 0.7 mS/m to 1000 mS/m. Since both the
parallel and seriesMOSFET pulsed power supplies used the same energy storage capacitor, and the
differences between the pulsed power supplies were aready noted in Section 3.1, these result were
obtained only using the paraletMOSFET pulsed power supply using only a single MOSFET.



3.3.1 Effect on the Pulse Amplitude

The results of varying the energy storage capacitance on the pulse amplitude over a range of load
conductivities of 0.7 mS/m to 1000 mS/m are shown in Figure 3.10. For capacitance values less than
3 ni, the pulse amplitude decreased when the capacitance was decreased, except for the load
conductivity of 0.7 mS/m. The reason is that these capacitances did not have enough energy to sustain
the pulse amplitude for the entire duration of the 20-ns pulse, except for the 0.7-mSm load
conductivity, where the lower load current would require less energy from the capacitor. If the pulse
width were to be larger than 20 ns, then the minimum value of capacitance required to reach the
maximum amplitude for that specific load conductivity would be greater than 3 n¥, because of the
increased energy that would be required. It isimportant to realize that increasing the capacitance only
increased the voltage amplitude to a certain value depending on the conductivity of the load. The
maximum amplitude values for each value of load conductivity matched those recorded in Figure 3.2,
which were lower than the input voltage because the load resistance then became comparable to the
on-state resistance of the MOSFET.
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Figure 3.10: Measured output voltage amplitude versus energy storage capacitance for load
conductivities of 0.7 mS/m to 1000 mS/m.



3.3.2 Effect on the Rise and Fall Times of the Pulse

The effect of the energy storage capacitance on the fall and rise times, for load conductivities of
0.7mS/m to 1000 mS/m, is shown in Figure 3.11 and Figure 3.12, respectively. In generd, as the
load conductivity increased the fall-time increased, indicating that the fall-time is dependent on the
load. This is consistent with the results that were presented in Section 3.1.2. For load conductivities
below 150 mS/m the fall-time was not affected by the energy storage capacitance. However, for load
conductivities of 150 mS/m and above, there are small variations occurring at low vaues of energy
storage capacitance. As the capacitance is increased beyond 1.5 nt, the fall-time increased dightly.

The effect of the energy storage capacitance on the fall-time is not very significant as the changes
were less than 30 ns and the dowest fall-time recorded was only 80 ns. The pulses produced using
capacitances of 100 nF and 750 nF did not have sufficient energy to produce a perfect square pulse,
which influenced the oscill oscopes measurement of the fall-time.
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Figure 3.11: Measured fall-time versus energy storage capacitance for load conductivities of 0.7
mS/m to 1000 mS/m.

It is clear from Figure 3.12 that for a load conductivity of 0.7 mS/m, the rise-time is higher than
those for the rest of the load conductivities, which are all close together. The rapid decrease in rise-
time as the load conductivity increases, is consistent with the results presented in Section 3.1.2. For
capacitances less than 1.2 ntF, the rise-time varies within 20 ns of its initial value; however, any

further increase in capacitance did not change the rise-time significantly.
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Figure 3.12: Measured risetime versus energy storage capacitance for load conductivities of
0.7 mS/m t01000 mS/m.

3.3.3 Effect on the Pulse Width

The results of varying the energy storage capacitance on the pulse width over a range of load
conductivities from 0.7 mSm t01000 mS/m are shown in Figure 3.13. The microcontroller was
programmed to output a 20-ns pulse, which is the pulse width that was chosen for this experiment.
The results in Figure 3.13 show that for all vaues of the load conductivity, a capacitance of 750 nF or
greater was sufficient to maintain the entire 20- s pulse. When a capacitance d less than 750 nF was
used with aload conductivity greater than 45 mS/m, the pulse width collapsed because there was not
enough energy stored in the capacitor. As the load conductivity decreased, the current required from
the load increased, which required more energy. In general, alarger capacitance is required when the
load conductivity increases. In addition, longer pulses or multiple pulses aso require more energy and

thus, a larger capacitance. Reference [14] provides calculations for the amount of energy required by
each pulse and in the case of multiple pulses.
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Figure 3.13: Measured output pulse width versus energy storage capacitance for load conductivities
of 0.7 mS'm to 1000 mS/m.

3.4 Electroporation of Escherichia coli O157:H7

In this section, the results of the eectroporation of E. coli experiments in Section 2.3 are presented.
Recall that the goal was to deliver the pGFPuv plasmid DNA molecule into E. coli O157:H7. In the
experiments, the pulse amplitude, pulse width and number of pulses were varied to see the effect on
the process of electroporation. Four sets of experiments were conducted, and the results of each are
presented in separate subsections. In each set of experiments, five trials were completed. Trials T1to
T4 were completed using the pulsed power supplies presented in Section 2.1.3 and Section 2.1.4, and
in each set of experimentstrial C was conducted using the Gene Pulser Xcell electroporation system
from Bio-Rad. The Gene Pulser Xcell electroporation system produces exponentia pulses, which are
commonly used for electroporation and provide a basis upon which the results obtained using the
paralle and series pulsed power supplies can be compared. For each trid, the surviva ratio and the
number of transformants were determined. The survival ratio is the number of cells (N) after the
exposure to the pulsed electric field, divided by the total number of cells (No) before the exposure to
the pulsed electric field. The transformants are the number of E. coli cells in which the pGFPuv
plasmid was successfully delivered. The transformants are measured in colony forming units (CFU)
per milliliter.
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3.4.1 Experiment #1: Two 1.35-MV/m Microsecond Pulses

In the first of four experiments, two 1.35-MV/m square pulses separated by 80 s were applied to an
electroporation cuvette containing the cell suspension and plasmid DNA. In the trials T1 to T4, the
paralletMOSFET pulsed power supply was used to generate pulses of increasing widths to see the
effect on the electroporation process. In trid C, the Gene Pulser system was used to deliver an
exponentia pulse with the same field strength but a much longer width than those produced by
paralletkMOSFET pulsed power supply. The results of the five trials are presented in Table 3.1.

Table 3.1: Results of the first set of electroporation experiments to study the effect of increasing the
pulse width of two 1.35-MV/m pulses on the survival ratio and number of transformants

Trial || Pulse Width Electric Field Survial Ratio | Transformants
(ns) Strength (MV/m) (N/No) (CFU/ml)
T1 1 135 0.916 0
T2 10 1.36 0.991 0
T3 5 1.26 0.997 0
T4 50 1.22 0.805 0
C 5100* 1.39 0.424 800000

* indicates that the measurement is the time constant of an exponentia pulse

The four trails were not successful in transforming any of the cells as indicated in Table 3.1.
However, the much longer exponentia pulse produced by the Gene Pulser was successful in
transforming the cells, providing the hint that longer pulses should be used. The initid cdll
concentration (No) in this experiment was 3.75x10"° CFU/ml and only 800000 CFU/ml were
transformed. It is dso interesting to note that when the cells were successfully transformed, the

number of surviving cells had decreased to 0.424 of the initial population.

3.4.2 Experiment #2: Multiple 1.35-MV/m Microsecond Pulses

The second set of experiments consisted of four trias, T1 to T4, using the paralefMOSFET pulsed
power supply and one tria, C, using the Gene Pulser. In an attempt to test a different strategy, T1
used 255, 1.35-MV/m, 1-ns square pulses each separated by 3 ns. Trials T2 to T4 used two
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increasingly longer 1.35-MV/m sguare pulses separated by 600 ns. Trial C used a single exponential
pulse with atime constant of 5 ms. The selective plates showing the number of transformants and the
nortselective plates showing the number of surviving cells for each trial are shown in Figure 3.14 and
Figure 3.15, respectively. The plates give visual comparison of the results; however, the actua
number of transformants and surviving cdlls for each tria are available in Table 3.2.

Tl T2 T3 T4 C

Figure 3.14: Selective plates showing the cells that have been transformed. The samples that were
plated have been diluted 10 times.

T1 T2 T3 T4 C

Figure 3.15: Non-selective plates showing the total number of surviving cells. The samples that were
plated have been diluted 10° times.



Table 3.2: Results of the second set of electroporation experiments to study the effect of increasing

the pulse width of multiple 1.35-MV/m pulses on the survival ratio and number of

transformants.
Trial | Pulse Width Electric Field Survival Ratio | Transformants
(ns) Strength (MV/m) (N/No) (CFU/ml)

T1 1 1.35 0.877 800

T2 200 134 0.937 35000

T3 500 122 0.607 23600

T4 1000 1.25 0.510 51000

C 5000* 1.28 0.369 63000

* indicates that the measurement is the time canstant of an exponential pulse

For trial T1, 800 CFU/ml were transformed, indicating that the technique of applying multiple
short pulses was not the most effective techniques for transforming E. coli. Trials T2 to T4 were
successful in transforming the cells, and the resulting number of transformants is on the same order of
magnitude as the results of trial C using the longer exponentia pulse. It is worth noting that two 1-ms
square pulses were able to transform a comparable number of cells as the much larger exponential
pulse. Thisisasignificant result because the two 1-ms square pulses contain less energy than the 5
ms exponentia pulse.

A graphical interpretation of the results shown in Table 3.2 is presented in Figure 3.16, where the
number of transformants and the survival ratio are plotted versus the pulse width. It is important to
note that the 5-ms pulse was exponential, while all the others were square. In generd, as the width of
the pulses are increased, the number of transformants increased, while the survival ratio decreased.
Tria T3 deviates from this trend and the reason could be that the eectric field strength that was
applied was lower than the other trials. Findly, it is worth noting that successful transformation does
not occur without a reduction in the surviva ratio. The lowest cell surviva ratio recorded in the
experiments was 0.369, which occurred when using the 5ms pulse. This cell survival ratio represents
a0.43-log reduction in the initial concentration of 4.05x10"° CFU/m.
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Figure 3.16: The effect of increasing the pulse width of multiple 1.35-MV/m pulses on the cell

survival ratio and number of transformants.

3.4.3 Experiment #3: Single 2.15-MV/m Microsecond Pulses

In the third set of experiments, the applied electric field strength was increased to 2.15-MV/m by
using the series-MOSFET pulsed power supply described in Section 2.1.4. Intrids T1to T4, asingle
sguare pulse, of increasing pulse width, was used. Trial C used a single 5ms exponentia pulse from
the Gene Pulser. The sdlective plates showing the number of transformants, and the non-selective
plates showing the number of surviving cells for each tria are shown in Figure 3.17 and Figure 3.18,
respectively. The plates give visua comparison of the results; however, the actual number of

transformants and surviving cells for each trial are availablein Table 3.3.
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T1 T2 T3 T4 C
Figure 3.17: Selective plates showing the cells that have been transformed. The samples that were

plated have been diluted 107 times.

T1 T2 T3 T4 C
Figure 3.18: Non-selective plates showing the total number of surviving cells. The samples that were
plated have been diluted 10 times.

Table 3.3: Results of the third set of electroporation experiments to study the effect of increasing the
pulse width of a single 2.15MV/m pulses on the cell surviva ratio and number of

transformants.
Trial || Pulse Width Electric Field Survival Ratio | Transformants
(ns) Strength (MV/m) (N/No) (CFU/ml)

T1 100 218 0.613 3000

T2 200 218 0.331 14500
T3 500 215 0.227 77500
T4 1000 2.16 0.260 152500
C 4900* 212 0.118 720000

* indicates that the measurement is the time constant of an exponentia pulse
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The results indicate that al five of the trials successfully produced transformed cells. A graphical
interpretation of the results presented in Table 3.3 is presented in Figure 3.19, where the number of
transformants and the surviva ratio are plotted versus the pulse width. It isimportant to note that the
5-ms pulse was exponential while all the others were square. From Figure 3.19, it is clear that the
number of transformants increased linearly as the pulse width was increased in the range of 100 nsto
5 ms. As the pulse width is increased within the same range, the surviva ratio decreased to a
minimum value of 0.118 (0.93-log reduction) occurring at 5 ms. As in the second set of experiments,
ahigher number of transformants was accompanied by a lower number of surviving cells. The initia
cell concentration of the samplesin this set of experiments was 2.47x10™ CFU/m.
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Figure 3.19: The effect of increasing the pulse width of a single 2.15-MV/m pulse on the surviva
ratio and number of transformants.

3.4.4 Experiment #4: Increasing the Number of 2.15-MV/m, 1-ms Pulses

In the fourth and final set of experiments, the seriesMOSFET pulsed power supply was used to
apply multiple Ems, 215-MV/m pulses across the dectroporation cuvette. In trials T1 to T4, the
number of pulses used was increased from one to one-hundred, with 100 ms between each pulse in
order to alow the capacitor to fully recharge. In trial C, the Gene Pulser was used to generate asingle
1-ms exponentia pulse with a peak electric field strength of 2.15 MV/m. The selective plates showing
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the number of transformants and the non-selective plates showing the number of surviving cells for
each trid are shown in Figure 3.20 and Figure3.21, respectively. The plates give visual comparison of
the results; however, the actua number of transformants and surviving cells for each trial are
available in Table 3.4.

T1 T2 T3 T4 C
Figure 3.20: Sdective plates showing the cdls that have been transformed. The samples that were
plated have been diluted 10 times.

T1 T2 T3 T4 C
Figure 3.21: Non-selective plates showing the total number of surviving cells. The samples that were
plated have been diluted 10° times.



Table 3.4: Results of the fourth set of eectroporation experiments to study the effect of the number

of 1-ms, 2.15-MV/m pulses on the surviva ratio and number of transformants

Trial | Number Electric Field Survival Ratio Transformants
of Pulses Strength (MV/m) (N/No) (CFU/mI)
T1 1 215 0.231 70500
T2 5 215 0.127 9600
T3 10 215 0.135 4050
T4 100 215 0.01744 0
C 1* 215 0.253 18000

* indicates that the measurement is the time constant of an exponential pulse

For the first time in these experiments, there exists a square and an exponentia pulse of
comparable durations and amplitudes. In trial T1, asingle 1-ms square pulse was used and in trial C a
single 1-ms exponential pulse was used. The results show that the 1-ms square pulse is approximately
4 times more effective in transforming cells than a ms exponential pulse. However, it should be
noted that the survival ratio of the two pulses remained relatively similar at 0.231 and 0.253 for the
sguare and exponential pulse respectively.

In trial T4, during the application of the 100 pulses, it was observed that the pulse amplitude started
to decrease after approximately 30 pulses. This decrease in pulse amplitude is not due to insufficient
energy stored in the capacitor because the time between two successive pulses was 100 ms. Thistime
is more than five time constants of the RC charging circuit, which would allow the capacitor to fully
recharge. A possible explanation for this observation is an increase in conductivity due to the contents
of the cdl being exposed after the exposure to a pulsed dectric field. Recall from Section 3.1.1 that
an increase in medium conductivity resulted in a decrease in pulse amplitude. An increase in
conductivity of a cell suspension medium immediately after applying a pulsed eectric field was
reported in [32].

A graphica interpretation of the results presented in Table 3.4 is presented in Figure 3.22, where
the number of transformants and the survival ratio are plotted versus the pulse width. The results in
Table 3.4 show two trids, trid T1 and trid C, which applied a single pulse. Since only one of those
data points was needed in Figure 3.22, Trial C was omitted. From Figure 3.22 it & clear that the
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number of transformants and the survival ratio decreased as the number of pulses wereincreased. The
results indicate that using multiple pulses is not the correct approach when trying to improve the
number of transformants. When 100 pulses were applied, there were no transformants and the
survival ratio was decreased by two orders of magnitude to 0.0174 (1.76-log reduction), where the
initial cell concentration was 1.58x10"° CFU/m.

Effect of Number of Pulses on Electroporation
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Chapter 4

Discussion

In this chapter, the results presented in Chapter 3 are used as a basis for discussion. Based on the
results, five topics are identified and discussed in this chapter. The first section is a discussion on
using the pulsed power supplies with conductive loads, asin many applications the load conductivity
is not a parameter that can be controlled. This leads to a discussion on using MOSFETs in pardlel to
reduce the loading effect experienced with loads that are highly conductive. The next two sections
discuss the effects of and how to choose a gate resistance and an energy storage capacitor, both of
which are important crcuit parameters of the pulsed power supply. The last section focuses on the
factors that influence the electroporation-mediated plasmid DNA molecule delivery and how to
improve the process. In these sections, the results are explained in detail and whenever possible,
compared to similar studies reported in the literature. In addition, the results of this research are
applied to explain the results and trends that have been published in the literature.

4.1 Using Pulsed Power Supplies With Conductive Loads

In certain applications, mainly in-vitro laboratory experiments, the load conductivity can be
controlled and varied; however, for in-vivo or food processing applications, the load conductivity
depends on the actual treatment media. Factors, including the load conductivity, can influence the
pulse parameters, which severd studies have shown to have a significant effect on the process of
opening the pores in the eectroporation process. The range of conductivities used in these
experiments cover many of those that are used in electroporation experiments. In addition, it aso
covers other applications of pulsed electric field including non-thermal pasteurization of liquid foods
such as tap water, apple juice, and orange juice, whose conductivities are within thisrange [33].

The load conductivity had an effect on the amplitude of the pulse produced by both of the
MOSFET-based pulsed power supplies. According to the results presented in Section 3.1.1, an
increase in conductivity resulted in a decrease in voltage amplitude, meaning that the electric field
strength would be reduced. Figure 4.1 illustrates this effect by showing two pulses where the only
parameter that changed was the load conductivity. The pulse that was measured across the load with a

conductivity of 0.7 mS/m (de-ionized water), shows no noticeable reduction in amplitude; however,
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when the load conductivity is increased to 1000 mS/m, the maximum amplitude that was sustained

for the entire duration of the pulse was 196 V.
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Figure4.1: Measured output voltage pulse from a single MOSFET pulsed power supply with aload
conductivity of (A): 0.7 mSm and (B): 1000 mS/m

The reduction in amplitude is due to the increased voltage drop across the on-state resistance of the
MOSFET switch. According to (2.5), increasing the load conductivity reduces the resistance of the
load, making it more comparable to the on-state resistance of the MOSFET (5.5 W). As aresult, a

smaller portion of the total voltage will appear across the load.

The effects of high load conductivity on the parameters of the pulses generated by the MOSFET-
based pulsed power supplies are expected. In fact, they are consistent with the smulation and
experimental results of two earlier prototypes of the MOSFET-based pulsed power supplies that were
designed and built [34,35]. In addition, the results are comparable to those using a Thyratron-based
pulsed power supply that was investigated in [35], and compared to the MOSFET -based pulsed power
supply. The pulsed power supply that used two MOSFETS in series, had the largest reduction in
amplitude as the conductivity was increased. Using two MOSFETSs in series doubles the effective ot
date resistance as the two on-state resistances in series are added together.

Commercialy available electroporation devices aso experience the reduction in pulse amplitude
with increasing conductivity. Figure 4.2, shows the results from Section 3.1.1 with the results of the
Gene Pulser manufactured by Bio-Rad. Since the Gene Pulser produces exponential pulses, the peak

voltage was recorded for a comparison. The Gene Pulser experienced a similar decrease in amplitude
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when the load conductivity was increased as the single MOSFET pulsed power supply used in this
research. Another pulsed power supply, the ECM 830 manufactured by BTX, experienced a reduction
in pulse amplitude as the load conductivity was increased. At aload conductivity of 1000 mS/m and
an input voltage of 700 V, the output amplitude was measured to be 495 V, showing only a 29%
reduction. The smaler reduction in amplitude as compared to the MOSFET-based pulses power
supply is due to the fact that like the BTX T820, the ECM 830 most likely uses an IGBT and a pulse
transformer [36] instead of a high voltage power MOSFET. The reason that the IGBT based pul sed
power supply experienced a smaller drop in amplitude is that unlike MOSFETS, which are mgority
carrier devices, IGBTs are minority carrier devices. In minority carrier devices, minority carriers are
injected into the n' drift region, resulting in a conductivity modulation that reduces its resistance. The
end result is that minority carrier devices have a smaller on-state resistances [37]. However, thereisa
drawback as these minority carriers must be swept out in order for the device to turn-off.
Unfortunately this occurs by recombination, slowing down the turn-off time, increasing the losses
during turn-off and limiting the maximum switching fequency. When using power MOSFETS,
especidly those with high breakdown voltages, the results showed that usng MOSFET in paraléd
resulted in alarger pulse amplitude than that of a single MOSFET as the load conductivity increased.

This phenomenon is the focus of the next section.
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Increasing the load conductivity also had an effect on the rise and fall times of the pulse. According
to the results presented in Figure 3.3, as the load conductivity increased the fall-time of the parallel
and the series pulsed power supplies increased as well. For the single MOSFET pulsed power supply,
the fall-time increased from 17 nsto 54 ns when the load conductivity was changed from 0.7 mS/m to
1000 mS/m. This trend is consigtent with those that were reported in [14,18]. As the load became
more conductive, the load current increased. The increase in the load current increases the current
risetime (t;;), the time required for the MOSFET drain current to reach the value of the load current,
resulting in a longer fall-time. The fall-time of the pulse determines the time it takes for the pulse to
reach its peak vdue. A dower fdl-time will aso delay the development of the transmembrane
potential, which is essential for the opening of the pores in the process of eectroporation.

The rise-time of the pulse is aso influenced by the load conductivity. For load conductivities below
200 mS/m, an increase in conductivity resulted in a rapid decrease in rise-time. However, the rise
time did not change significantly for an increase in conductivity above 200 mS/m. When the load
conductivity is small, the load resistance is high and the resulting load current is small. Thisis similar
to not loading the generator. Notice that the rise-time varies inversaly with the conductivity and recall
from (2.5), that the resistance of the load was inversely proportiona to the load conductivity. A fast
risetime is important in order for smaller pulse widths and higher switching frequencies to be
achieved.

Since the conductivity of the load influences many of the important pulse parameters, it is
important to know the load conductivity being used and to measure the pulse to ensure that the pulse
parameters are known exactly. An understanding of the abovementioned results can be applied to the
results reported in the literature. For example, to inactivate microorganisms, the applied electric field
must exceed the threshold electric field for membrane destruction, which is specific to the type of
microorganism [38]. In addition, severa studies [39-43] concluded that increasing the electric field
strength is an effective technique to decrease the cell survival ratio. However, if the microorganisms
are suspended in a medium of high conductivity, the input voltage must be increased to compensate
for the reduction in electric field strength. It is important for studies that investigate the dfect of
medium conductivity on the transformation efficiency or survival ratio, to take into account the
effects the medium conductivity has on the pulse. For example, if the reduction in field strength at
higher load conductivities is not accounted for, then any effect of the conductivity on the cdl itself
cannot be properly observed. As for the fall-time of the pulse, one study concluded that there was no
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significant dependence of the surviva ratio of Yersinia enterocolitica cells on the fall-time in the
range of 500 nsto 1300 ns [40]. However, providing fast fall-timesisimportant for applications such
as electroperturbation, which require pulses of nanosecond widths [44].

4.2 Paralleling MOSFETSs to Reduce the Loading Effect

According to Figure 4.2, an increase in the load conductivity resulted in a decrease in voltage
amplitude, meaning that the electric field strength would be reduced. For aload conductivity of 1000
mS/m, using two and three MOSFETSs in parallel increased the pulse amplitude by 17% and 28% over
the value obtained using only asingle MOSFET, respectively. To understand why the output voltage
isimproved as aresult of using a higher number of MOSFETSs in paralldl, it is necessary to recal why
the output voltage amplitude decreases with loads of higher conductivity. According to (2.5),

increasing the conductivity reduces the resistance of the load and as a result, the load current

increases proportionally. A larger load current causes a larger voltage drop across the MOSFET's on+
date resistance (5.5 W), leaving less voltage to appear across the load. By paraleling MOSFETS, the
equivadent on-state resistance decreases. This results in a smaller voltage drop across the switch,

which alows more voltage to appear across the load. Since a single MOSFET diver was used to

drive the pardld MOSFETS, an increase in fal-time is expected and observed because the effective
input capacitance of the paraleled MOSFET has increased two or three times. However, these turr-
on times remain smaller than many single IGBTs of comparable voltage ratings. In general, using

MOSFETs in paradld to reduce the effective on-state resistance is an especially useful technique
when using power MOSFETs with high breskdown voltages because of their high onstate
resistances. For pwer MOSFETS, experimental results and detailed theoretical calculations revea

that the on-state resistance varies with the breakdown voltage, Vg, as follows [24]:

25 27
RDS(on) a VB 4.0

The increase in amplitude achieved by using MOSFETs in paralld is of practica significance.
Higher voltage amplitude results in higher eectric field strength, which is a key parameter for
successful electroporation-mediated applications.
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4.3 Varying the Gate Resistance to Control the Rise and Fall Times of the

Pulse

The gate resistance controls the amount of current that flows into and out of the gate when the
MOSFET switches on and off, which controls the MOSFET’s turn-on and turn-off times. Increasing
the gate resistance in the range of 4 Wt0100 W, resulted in alinear increase in the fall and rise times
of the output pulse, as shown in Figure 3.7 and Figure 3.8, respectively. Thisis the expected result as
alarger resistance results in a dower charging and discharging of the MOSFET’s input capacitance.
To understand the turn-on and turn-off process, Figure 4.3 illustrates the gate-source voltage before
and after the 4W-gate resistor, and the difference between the two, which is proportional to the gate
current. The gate-source voltage contains several different stagesto completely turn-on the MOSFET.
Understanding these stages helps to explain the resulting increase in rise and fal times of the output
pulse as the gate resistance increased. The first stage (up to t,) is the time required to bring the gate-
source voltage to its threshold value. From t to t, the gate-source and gate drain capacitances are
being charged through the gate resistance. At t,, the drain-source voltage starts to fall, which
introduces the miller effect. The gate-source voltage does not increase until the gate current has fully
charged the miller capacitance (t3), hence the plateau in the gate-source voltage. The fina stage (t; to
t,) is to fully enhance the MOSFET by increasing the gate-source voltage to the value of the drive
voltage, which also reduces the on-state resistance. With a larger gate resistance, the charging of the

capacitances is dower, thereby increasing the fal-time of the pulse.
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Figure 4.3: Channdl 1 and 2: The measured gate-source voltage before and after the 4-W gate resistor
for the single MOSFET pulsed power supply with a load conductivity of 0.7 mS/m.
Channel M: the difference between channels 1 and 2, is proportional to the MOSFET
gate current.

Even though the main purpose of the gate resistance is to limit the gate current to safe values
during the turn-on and turn- off transients, gate resistances of the 4 Wt0100 W are practical values that
can be used to control the rise and fal times for the purposes of seeing the effect on different
applications. However, it isimportant to realize that the switching power losses of the switch increase
with both the rise and fall times. If the rise and fall times are increased too much, then it is possible
that the MOSFET, even with a heat sink, will not be able to dissipate the power losses and will
eventually fail.

4.4 Choosing an Energy Storage Capacitor

In the Section 3.3, the effect of the energy storage capacitance on the pulse parameters over arange of
load conductivities was reported. When a capacitance of less than 750 nF was used with a load
conductivity greater than 45 mS/m, the pulse width collapsed because there was not enough energy
stored in the capacitor. Figure 4.4 illugtrates this effect as a 100-nF and a 1500-nF capacitor were
charged to 500 V and discharged across a 222-W load to create a 20-ns pulse.
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Figure4.4: Measured output voltage pulse from a single MOSFET pulsed power supply with aload
conductivity of 45 mS/m and an energy storage capacitor of (A): 100 nF and (B): 1500
nF, charged to 500 V.

According to (2.5), increasing the conductivity reduces the resistance of the load, which means the
energy storage capacitor will have to supply more current to sustain the voltage level. If the capacitor
cannot supply this current, then the voltage will start to collapse. Using (2.5), a 1-mm electroporation
cuvette with a load conductivity of 45 mS/m resulted in a load resistance of 222 W. The energy
required for a500-V, 20-1ms pulse across a 222-\W load is calculated to be 22.5 mJ using (4.2).

VZ

EPULSE - Ftpw (4.2)

where V, R and tpw are the charging voltage, load resistance and pulse width, respectively.
According to (4.3), a 100-nF and a 1500-nF capacitor charged to 500 V contain 12.5 mJ and 188 mJ,

respectively.

1
Ecapacitor = > Cv? (4.3)

Since the 100-nF capacitor could only store 56% of the energy required by the pulse, the pulse
amplitude and the effective pulse width were reduced. However, when the capacitance was increased
to 1500 nF, there was sufficient energy to give a 500-V, 20-1s pulse across a 222-Wload. Therefore,
there exists a minimum capacitance that is needed to provide sufficient energy in order for the pulse

amplitude and width not to be reduced. This minimum capacitance, which increases with increasing
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pulse width and decreasing load resistance, can be obtained by equating (4.2) to (4.3). A capacitor
that is larger than the minimum value should be used in order to compensate for losses in the circuit,
particularly with loads of high conductivity.

In applications, such as inactivation of microorganisms in food processing where the load must
flow continuously, the ability to deliver multiple pulses is essential. The use of multiple pulses has
been used to increase the inactivation of microorganisms[15]. If multiple pulses are required, then the
capacitor must store sufficient energy for all of the pulses or alow sufficient time (5 time constants)
between the application of two successive pulses in order to recharge the capacitor. Choosing a
capacitor for these applications requires a tradeoff between the amount of energy the capacitor can
store versus how much time it takes for it to become fully charged. Larger capacitors are typicaly
larger in size, more costly, result in higher losses, and are more difficult to obtain at higher voltage
ratings.

4.5 Improving Electroporation-Mediated Plasma DNA molecule Delivery

This section discusses the results of the four electroporation experiments presented in Section 3.4.
The goa was to ddiver the pGFPuv plasmid DNA molecule into E. coli O157:H7. In addition to
increasing the pulse width and number of pulses, which are discussed in separate sub-sections, there
are some important observations that are discussed.

In the first three experiments, it is interesting to note that successful transformation of E. coli was
accompanied by a reduction in the surviva ratio in the range of 0.118 to 0.937, with more
transformants occurring when the survival ratio was lower. This would suggest that the lower number
of transformants is not due to a high number of cells being inactivated, but that there was not enough
energy to make the cell membrane permeable. In the fourth experiment, when multiple pulses were
applied to the cuvette, the transformation of E. coli was accompanied by a reduction in the survival
ratio in the range of 0.0174 to 0.253, with more transformants occurring when the survival ratio was
higher. In this case, it appears that the lower number of transformants could be due to the number of
cells that were inactivated. However, this assumes that there are no other effects due to the
application of multiple pulses, as thisis how the higher reduction in surviva ratio was achieved.

In the fourth experiment there exists a square and an exponential pulse of similar durations and

amplitudes, which are compared. In trial T1, a single Ems square pulse was used and in trial C, a

single tms exponential pulse was employed. The results show that the tms sguare pulse yielded
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approximately 4 times more transformants than the 1-ms exponential pulse with the same amplitude.
One possible explanation for the improvement in the number of transformants with the square pulse
over the exponential pulse isthat the average electric field strength is higher in the square pulse. The
concept of the average electric field strength was used to explain the increased inactivation with
sguare pulses as compared with exponential pulse [45]. Another study [15] concluded that square

pulses result in 60% more inactivation than exponentia pulse with the same energy.

The electric field strength to which the cells are exposed is critical to the resulting number of
transformants and survival ratio. When the field strength of a 5-ms exponentia pulse was increased
from 1.28 MV/m to 2.12 MV/m, the number of cells in the nitia population that were transformed
was increased from 1 in 642,857 to 1 in 34,305. However, this comparison was between two different
sets of experiments. This is normally not done because there are many conditions such as
temperature, length of time at the different stages of the experiments, and the growth phase of the
cells that could vary during the two experiments. However, in these experiments the same procedures,
solutions and bacteria cells were used and the difference between the results is significant enough to
make this observation with less risk of error. The effects of an increase in dectric field strength are
available in the literature and they do support the observation made between these experiments. One
study [43], reported that the transformation efficiency of E. coli IM109 reached a maximum at afield
strength of 1.7 MV/m then decreased with any further increase in electric field strength. The same
trend of increased transformation efficiency up to certain electric field strength was also reported in
[46,47]. An increase in dectric field strength results in a decrease in the surviva ratio. The survival
ratio of E. coli IM109 decreased as the eectric field strength was increased from 1.1 MV/m to 2
MV/m [43] and up to a 6log reduction in the survivd ratio of Lactobacillus brevis by increased
electric fidd strength was reported in [42].

4.5.1 Effect of Pulse Width on Electroporation

The results of the experiments from Sections 3.4.2 and 3.4.3 show the effect of increasing the pulse
width from 100 ns to 5 ms on the number of transformants and the survival ratio. In both set of
experiments, increasing the pulse width increased the number of transformants and decreased the
surviva ratio exponentialy. The results presented here on the effect of the pulse width on the number
of transformants are consistent with the results reported in the literature. One study [46] found that

increasing the pulse width of 1.15-MV/m pulses from 2.5 ms to 4.5 ms, results in an increase in the
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transformation frequency of Candida famata L20105. However, increasing the pulse width beyond
this width up to 7.5 ms, resulted in a decrease in the transformation frequency. The later effect,
showing the number of transformants decreasing as the pulse widths increased, was not observed in
this research because the pulse width was not increased beyond 5 ms. The pulse width determines the
time for which the pulsed electric field will be applied. Thisis aso the time during which the poresin
the cdl membrane will form. If the electric field is applied for too long a time, the cell membrane will
be irreversibly damaged. This is one explanation for the decrease in the transformation frequency a
higher pulse widths.

The observed exponential decrease in surviva ratio as the pulse width was increased, is consistent
with other results reported in the literature. While studying the effects of pulsed electric fields on
Lactobacillus brevis, it was reported that increasing the pulse width of exponentia pulses up to
12 ms, resulted in an exponential decrease in the survival ratio [42]. Another study [39], reported a
decrease in surviva ratio of Saccharomyces cerevisiae when the width of square pulses were
increased from 1 nsto 100 ns.

4.5.2 Effect of the Number of Pulses on Electroporation

The experimental results reported in Section 3.4.4 demonstrate the effect of increasing the number
of pulses on the number of transformants and the survivd ratio. The results in Figure 3.22 illustrate
that increasing the number of 1-ms, 2.15-MV/m pulses from 1 to 100 resulted in a drastic reduction in
the number of transformants. In fact, when the number of pulses was increased from 1 to 100, the
number of transformants decreased from 70500 to 0. A possible explanation for the reduction in the
number of transformants is the low survival ratio as the number of pulses increased, which is aso
illustrated in Figure 3.22. In all of the experiments, successful transformation was accompanied by a
reduction in the surviva ratio; however, the surviva ratio for multiple pulse were much lower (1.76-
log reduction with 100 pulse) than those resulting from only a single pulse. A similar study [48]
reported a 0.82-1og and 4.47-log reduction of E. coli O157:H7 using 50 and 300 5 ms exponential
pulses with field strengths of 2.5 MV/m, respectively. The results showing the number of
transformation decreasing as the number of pulses is increased are consistent with those that were
reported by [49]. Other studies showed arapid decrease in the survival ratio of Yersiniaenterocolitica
[40] and Saccharomyces cerevisiae [50] as the number of pulses was increased. Therefore it is



concluded that using multiple pulses in not effective in increasing the number of transformants;

however, it is a good technique for inactivating microorganisms.

In trial T4 of the fourth experiment, after approximately 30 of the 100 pulses, the amplitude of the
pulses was observed to start decreasing. This decrease in pulse amplitude is not due to insufficient
energy stored in the capacitor because the time between two successive pulses was 100 ms. Thistime
is more than five time constants of the RC charging circuit, which would allow the capacitor to fully
recharge. Recall from Section 3.11 that an increase in load conductivity resulted in a decrease in
pulse amplitude. This could explain the reduction in pulse amplitude as an increase in conductivity of
a cell suspension medium was reported to occur immediately after exposure to a pulsed electric field
[32].



Chapter 5
Conclusions and Future Research

5.1 Conclusions

In this research, two MOSFET-based pulsed power supplies that were used in electroporation
experiments, were designed and built. The first pulsed power supply alowed one, two, or three
MOSFETs to be connected in parale in order to decrease the effective on-state resistance. This
pulsed power supply was capable of producing highly controllable square pulses with amplitudes up
to 1500 V and widths of a few hundred nanoseconds to dc. Due to the voltage limitation of the
MOSFET switch, and the need to produce a stronger electric field, a second pulsed power supply
using two MOSFETs connected in series was designed and built. This pulsed power supply was
capable of producing highly controllable square pulses with amplitudes up to 3000 V and widths of a
few hundred nanoseconds to dc. Since precise control of the pulse parameters is important for the
applications of pulsed eectric fields, especially when it is necessary to optimize a process, a
microcontroller was used. This provided a high degree of control of the pulse width, number of pulses
and the time between two successive pulses. The modular design of the pulsed power supplies

allowed them to use the same power and control module that was built for this purpose.

The effects of varying the load conductivity from 7 mS/m to 2000 mS/m on the output pulse of the
pulsed power supplies were studied. It was observed that an increase in load conductivity resulted in a
decrease in voltage amplitude, resulting in an undesirable reduction in the electric field strength. The
reason for the reduction in amplitude was due to the increased voltage drop across the on-state
resistance of the MOSFET switch. The pulsed power supply that used two MOSFETS in series
experienced the most significant reduction in amplitude, as the effective on-state resistance was
doubled. However, using two and three MOSFETSs in parallel a aload conductivity of 1000 mS/m,
increased the pulse amplitude by 17% and 28%, respectively, over the value obtained using only a
single MOSFET. Therefore, it was concluded that using two or three MOSFETS in parald is an
effective method of increasing the amplitude of the output pulse when working with high load
conductivities. Increasing the load conductivity also had an effect on the rise and fal times of the
pulse. As the load conductivity was increased, the fall-time increased, while the rise-time rapidly
decreased up to a load conductivity of 200 mS/m, where it reached a constant value. Since the

conductivity of the load influences many of the important pulse parameters, it is important to know
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the conductivity of the load being used and to measure the pulse to ensure that the pulse parameters
are known exactly.

The gate resistance and the energy storage capacitance were varied to see the effect on the pulse
parameters. Increasing the gate resistance in the range of 4 W t0100 W resulted in alinear increase in
the rise and fall times of the pulse. Therefore, varying the gate resistance within this range can be
used to adjust the rise and fal times of the pulse for different applications. The energy storage
capacitance determined the amount of energy that can be stored and used to supply one or multiple
pulses. A method for determining the minimum capacitance needed to provide the required energy, in
order for the pulse amplitude and width not to be reduced, was presented. It was concluded that
choosing an energy storage capacitor for an application required a tradeoff between the amount of
energy the capacitor can store versus how much time it takes for it to become fully charged.

In conclusion, the pulse parameters can be controlled by the circuit parameters such as the number
of paralledl MOSFETS, gate resistance, energy storage capacitance, and the parameters of the gating
pulses generated by the microcontroller. In this way, the parameters of the output pulse can be made
amost independent of the load conductivity.

The pulsed power supplies that were designed and built in this work were used to investigate the
effect of the pulse parameters on the electroporation-mediated plasmid DNA delivery. The goal was
to deliver a3.3-kb pGFPuv plasmid DNA molecule into E. coli O157:H7. Two electroporation
experiments were conducted using the paralletMOSFET pulsed power supply, which applied 1.35
MV/m square pulses in the range from 1 nsto 1 ms. Two other experiments were conducted using the
seriessMOSFET pulsed power supply, which applied 2.15-MV/m pulses with the widths ranging from
100 ns to 1 ms. In al four experiments, the Gene Pulser Xcell system was used to generae
exponential pulses of comparable width and amplitude. From these experiments, it was observed that
increasing the pulse width in the range from 100 ns to 5ms, increased the number of transformants
and decreased the survival ratio exponentially. When the field strength of a 5ms exponentia pulse
was increased from 1.28 MV/m to 2.12 MV/m, the number of cellsin the initial population that were
transformed was increased from 1 in 642 857, to 1 in 34 305. In the firgt three experiments, it is
interesting to note that the successful transformation of E. coli wasaccompanied by a reduction in the
surviva ratio of at most 1 log. This suggested that the lower number of transformants was due to
insufficient energy to make the cell membrane permeable, and not a high number of cells being
inactivated. However, when multiple pulses were applied, the reduction in surviva ratio increased
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beyond 1 log and the number of transformants was decreased. In this case, it appeared that the lower
number of transformants was due to the high number of cells that were inactivated. Therefore, it is
concluded that using multiple pulses was not effective in increasing the number of transformants;
however, it is an effective technique for inactivating microorganisms. Findly, square pulses were
observed to be more effective in transforming and inactivating cells than exponential pulses of the
same amplitude and pulse width. It was hypothesized that this is due to the higher average field
strength of the square pulse.

5.2 Future Research

The relatively lower voltage ratings of MOSFETs prompted the pulsed power supply to use two
MOSFETSs in series, which enabled pulses of 3000 V to be produced. Future work would be to
increase the number of MOSFETSs connected in series using the same method, in order to further
increase the amplitude of the output pulses. However, the effective on-dtate resistance will increase
with the number of MOSFETs connected in series. Therefore, combining the techniques used in this
work to design a pulsed power supply that uses MOSFETS in series and in parallel ssimultaneoudly,
will help minimize the effective on-state resistance as the number of series connected MOSFETSs

increases.

The number of pulses per second that can be generated is limited by the amount of energy stored in
the capacitor and the amount of time it takes to recharge the capacitor, not by the speed of the
MOSFET. Therefore, using a capacitor charger (cap charger) could increase the number of pulses per
second that can be generated.

Since the pulsed power supplies in this work have a high degree of control over the rise and fall
times of the pulses, pulse width, number of pulses, and the time between two successive pulses, future
research could be conducted on other applications needing pulsed electric fields. Applications
involving the continuous flow of highly conductive fluids could benefit from the pulsed power

suppliesin this research.
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Appendix A
Microcontroller Code

EEE b S S Sk S R I Sk kS S I R kS I S S R S kS S I S Rk A S S

; Aut hor

; Dat e

; Verions
‘Title

; Description

JASON GRENI ER

NOV. 2ND, 2005

FI NAL

FI RST ELECTROPORATI ON EXPERI MENTS AT UGUELPH

title "PlICl8F452 counting progrant

| ist

P=PI C18F458 ; p=18f xxx, f =i nhx32

#i ncl ude <pl8f458.inc> ; This “header file” contains all

; the PIC18F458 special function

; register names and addresses.

; This file is located in the sanme
; directory as MPASMA N. EXE.

IR R EE RS R R R R RS RS R R R RS EE RS EE SRR REEEREEREEEESEEEEESEEEEREEESEEEESESESES
1

; Configuration bits

; The __CONFIG directive defines configuration data within the .ASMfile.

; The labels following the directive are defined in the P18F458.INC file.

; The PICl8FXX8 Data Sheet explains the functions of the configuration bits
; Change the following lines to suit your application.

__CONFI G _CONFI GLH, _0OSCS_OFF_1H & _HS 0OsSC_1H

__CONFI G _CONFI G2L, _BOR OFF_2L & _PWRT_OFF_2L

__CONFI G _CONFI G2H, _WDT_OFF_2H

__CONFI G _CONFI AL, _STVR OFF_4L

__CONFI G _CONFI GBL, _CPO_OFF_5L & _CP1_OFF 5L & _CP2_OFF 5L & _CP3_OFF_5L
__CONFI G _CONFI G5H, _CPB_OFF_5H & _CPD_OFF_5H

__CONFI G CONFI GBL, _WRTO_ OFF_6L & _WRT1 OFF 6L & _WRT2 OFF 6L &

“WRT3_OFF_6L

__CONFI G _CONFI G6H, _WRTB_OFF_6H & WRTC OFF 6H & _WRTD OFF_6H
__CONFIG _CONFIG7L, _EBTRO OFF 7L & _EBTRL OFF 7L & _EBTR2_ OFF 7L &

_EBTR3_OFF_7L

__CONFIG _CONFI G7TH, _EBTRB_OFF_7H

IEEEEEEEEEEEEEEEEEEEEEEEEREEEEEREEREEEEREESEREEEEEEEERESESEEEEEEEEEEEEEEESESESEES

1

;Variable definitions

; Reset vector

; This code will

CBLOCK 0x000
tenp_portC
tenp_portD
tenp_reg

DVAR

DVAR2

DVAR3

DVAR4

ENDC

: variables in access RAM

LR R R RS R SR EE R SRS E R R RS R RS R R R EEEEEEREEREEEEEREEREESEEEEESEEEREEREESEESEEESERS]

start executing when a reset occurs.
ORG 0x0000

goto Mai n ;go to start of nmmin code

RS R E R RS R R R R R R R SRR R R R R R R R R SRR E R R R R R R R EEEEREEREEEEEREEREEEERESEESESES
)
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;Start of main program
Mai n
; Initization
movl b 0xOf ; Bank 15
clrf INTCON ; disable interrupts
clrf | NTCON3
; nmovl w 0x93
; novwf RCON ; Enable Priority Levels on Interrupts/ clear the flags
of Reset and brown-out
clrf PIRL ; clear flags
clrf PIR2
clrf PIR3
clrf STKPTR ; reset stack pointer
; 110 ports
CLRF T1CON; shut down Tinmer 1 Oscil ator
clrf RCSTA ; disable serial port
clrf SSPCON1 ; disable Synchronous Serial Port

CLRF PORTC ; Initialize PORTC by clearing output data |atches
CLRF LATC ; Alternate nethod to clear output data |atches
MOVLW OxFO ; Value used to initialize data direction

MOWAF TRI SC ; Set

CLRF PORTD ; Initialize PORTD by clearing output data |atches

CLRF LATD ; Alternate nmethod to clear output data |atches

MOVLW O07h ; conparator off

MOVWF CMCON

MOVLW 0x2C ; Value used to initialize data direction

MOVWF TRI SD ; Set RD2, RD3 and RD5 as inputs

bsf PORTD, 4 ; Make output high (as our MOSFET driver is inverting)
; Main program

| oopin

; Debounce Code-Do not proceed until the user releases the start push button
btfss PORTD, 5, ACCESS ; Has key been rel eased?
goto | oopin ; No, wait sone nore

| oopi n2

; check and wait for push button to be pressed
btfsc PORTD, 5, ACCESS
goto | oopi n2
; Check the status of the 6 DI P swi tches
novff PORTC, tenp_portC
novff PORTD, tenp_portD
nmovf tenp_portD, W
andl w 0x0C
:Wcontains B & 0x0C
iorwf tenp_portC
;tenp_portC contains results
nmovl w 0x80
cpfseq tenp_portC
got o COVPARE2



got o PULSE1l

COVPARE2

novl w 0x40

cpfseq tenmp_portC
got o COVPARE3
got o PULSE2

COVPARE3

novl w 0xCO

cpfseq tenmp_portC
got o COVPARE4

got o PULSE3

COVPARE4

novl w 0x20

cpfseq tenmp_portC
goto | oopin

got o PULSE4

IEEEEEEEEEEEEREEEREEEEEREEEEEEEREESEESEERESEEEEEEEESESEEEEEEEESEEEE SRR SRR EEEESEEESES

PULSE1

D6

D7

novl w 0x02 ; set nunber of pul ses
movwf DVAR, ACCESS ;

bcf PORTD, 4, ACCESS ;G ve 1 Pulse (give nore to increase PW
bcf PORTD, 4, ACCESS

bcf PORTD, 4, ACCESS

bcf PORTD, 4, ACCESS

bcf PORTD, 4, ACCESS

bcf PORTD, 4, ACCESS

bcf PORTD, 4, ACCESS

bcf PORTD, 4, ACCESS

bcf PORTD, 4, ACCESS

bsf PORTD, 4, ACCESS ; Clear pul se

novl w OxFF ; set delay | oop =>410n x nunber = inter pulse interval

movwf DVAR2, ACCESS ;

decfsz DVAR2, F, ACCESS
goto D7

decfsz DVAR, F, ACCESS
goto D6

bsf PORTD, 4, ACCESS
goto | oopin

EEE I I R R R R R I R R R R

PULSE2

D8

D10

novl w 0x02 ; set nunber of pul ses
nmovwf DVAR, ACCESS ;

movl w 0x19 ; set PW=> 410n x nunber = PW
movwf DVAR3, ACCESS ;

bcf PORTD, 4, ACCESS ;G ve 1 Pulse (give nore to increase PW
decfsz DVAR3, F, ACCESS

goto D10
bsf PORTD, 4, ACCESS ; Cl ear pulse
nmovl w OxFF ; set delay |loop =>410n x nunmber = inter pul se interval
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movwf DVAR2, ACCESS ;

decfsz DVAR2, F, ACCESS
goto D9

decfsz DVAR, F, ACCESS
goto D8

bsf PORTD, 4, ACCESS
goto | oopin

RS R EE RS R R R R R RS R R R R R RS R SRR SRR R R SRR R SR EEREEEREEREERESEEEEREEERESEEEREESESESES

)

PULSE3

D11

D13

D12

nmovl w 0x02 ; set nunber of pul ses
movwf DVAR, ACCESS ;

movl w OX3E ; set PW=> 410n x nunber = PW
movwf DVAR3, ACCESS ;

bcf PORTD, 4, ACCESS ;G ve 1 Pulse (give nore to increase PW
decfsz DVAR3, F, ACCESS

goto D13
bsf PORTD, 4, ACCESS ; C ear pul se
novl w OXFF ; set delay | oop =>410n x nunber = inter pulse interval

movwi DVAR2, ACCESS ;

decfsz DVAR2, F, ACCESS
goto D12

decfsz DVAR, F, ACCESS
goto D11

bsf PORTD, 4, ACCESS
goto | oopin

EE b b S S S S S S R R S S R R A S R R S S S S R R A S S I

PULSE4

D14

D16

D15

novl w 0x02 ; set nunber of pul ses
movwf DVAR, ACCESS ;

movl w 0x7C ; set PW=> 410n x nunber = PW
movwf DVAR3, ACCESS ;

bcf PORTD, 4, ACCESS ;G ve 1 Pulse (give nore to increase PW
decfsz DVAR3, F, ACCESS

goto D16
bsf PORTD, 4, ACCESS ;Cl ear pulse
novl w OxFF ; set delay | oop =>410n x nunmber = inter pulse interval

nmovwf DVAR2, ACCESS ;

decfsz DVAR2, F, ACCESS
goto D15

decfsz DVAR, F, ACCESS
goto D14

bsf PORTD, 4, ACCESS
goto | oopin
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return
END



Appendix B
Electroporation Protocol

B.1 Preparation of Electrocompetent Cells

1. Inoculate 2.5 (0.5) ml of a fresh overnight E. coli culture into 250 (50) ml of L-brothina 1.0 L
(250 ml) flask.

2. Grow the cells at 37°C shaking at ~200 rpm to an OD @ 600 nm of approximately 0.5-0.7. The
appropriate cell density should be about 4-5 x 10 cdlls/ml.

3. Chill the cells on ice for ~20 min. For al subsequent steps, keep the cdls as close to 0°C as
possible (in an ice/water bath) and chill all containers in ice before adding cells. Transfer 200 (35) ml

of the cellsto a sterile, cold 250 (50) ml centrifuge bottle and centrifuge at 4000x g (5500 rpm at JA-
17 rotor) for 15 minutes at 2°C.

4. Carefully pour off and discard the supernatant. It is better to sacrifice yield by muring off afew
cdlls than to leave any supernatant behind.

5. Gently resuspend the pellet in 200 (35) ml of ice-cold 10% glycerol. Centrifuge at 4000xg (5500
rpm at JA-17 rotor) for 15 minutes at 2°C; carefully pour off and discard the supernatant.

6. Resuspend the pellet in 100 (20) ml of ice-cold 10% glycerol. Centrifuge at 4000x g (5500 rpm at
JA-17 rotor) for 15 minutes at 2°C; carefully pour off and discard the supernatant.

7. Resuspend the pellet in ~20 (1.5) ml of ice-cold 10% glycerol. Transfer to a 50 (1.5) ml sterile
centrifuge tube (microcentrifuge tube).

Centrifuge at 4000xg for 15 (6) minutes at 2°C; carefully pour off and discard the supernatant.

8. Resuspend the cell pdlet in afina volume of 0.5-1 ml (100 ul) of ice-cold 10% glycerol. The cell
concentration should be about 1-3 x 10*° cells/mll.

9. This suspension may be frozen in diquots on dry ice and stored at -70°C. The cells are stable for at
least 6 months under these conditions.
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B.2 Electroporation

Gene Pulser Xcell conditions:
C=25puF, PC=200 ohm; V =25kV, or
C =25 pF; PC =200 ohm; V = 3.0 kV (in 0.2 cm cuvettes).

1. Thaw the cells on ice. For each sample to be electroporated: place a 1.5 ml microfuge tube on ice,
place either a 0.2 cm electroporation cuvette on ice, and place 1 ml of SOC at room temperature.

2. Toacold, 1.5 ml polypropylene microfuge tube, add 20—40 pul of cell suspension. Add 1to 5 pl of
DNA (DNA should be in alow ionic strength buffer such as water or TE). Mix well and incubate on
icefor ~1 minute. (Note: it is best to mix the plasmids and cells in a microfuge tube since the narrow
gap of the cuvettes prevents uniform mixing.)

3. From the Home screen on Gene Pulser Xcell open the Pre-set Protocols screen, then the Bacterid
Protocol screen (press 4, then Enter twice). When using the 0.2 cm cuvettes, press 2 then Enter, or 3
then Enter, to select the Protocol Detail screens for E. coli to pulse at 2.5 or 3.0 kV, respectively.

4. Transfer the mixture of cells and DNA to a cold electroporation cuvette and tap the suspension to
the bottom. Place the cuvette in the ShockPod. Push the chamber lid down to close.

5. Pulse once.

6. Remove the cuvette from the chamber and immediately add 1 (0.45) ml of SOC medium to the
cuvette.

Quickly but gently resuspend the cells with a Pasteur pipette. (The period between applying the pulse
and transferring the cells to outgrowth medium is crucia for recovering E. coli transformants (Dower
et a., 1988). Delaying this transfer by even 1 minute causes a 3fold drop in transformation. This
decline continues to a 20-fold drop by 10 minutes.)

7. Transfer the cell suspension to a microcentrifuge tube and incubate at 37°C for 1 hour, shaking at
200 rpm.

8. Check and record the pulse parameters. The time constant should be close to 5 milliseconds. The
field strength can be calculated as actual volts (kV) / cuvette gap (cm).

9. Plate on LB plates with antibiotic.
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B.3 Solutions and Reagents

1. L-Broth: 10 g Tryptone peptone, 5 g Y east extracts, 5 g NaCl; dissolvein 1.0 L water.

Autoclave.

2. LB agar plates with selective antibiotic: prepare L broth as above, adding 15 g of agar per liter.
Autoclave. Cool to 55-60°C and add antibiotic. Pour 12—15 ml per 100 mm plate.

3. 10% (v/v) Glyceral: 12.6 g glycerol (density = 1.26 g/cc) in 90 ml of water. Autoclave or filter
sterilizing.

4. TE: 10 mM Tris-HCl pH 8.0, 1 mM EDTA.

5. SOB: 2.0 g Tryptone peptone, 0.5 g Yeast extract, 0.2 ml 5M NaCl, 0.25 ml 1 M KClI; dissolve in
90 ml water. Adjust pH to 7.0. Bring volume to 100 ml. Autoclave. Add 1.0 ml sterile 1 M MgCI2
and 1.0 ml gterile 1 M MgSO4.

6. SOC: to 100 ml SOB, add 2.0 ml sterile 1 M glucose (sterilize by filtration).
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