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ABSTRACT

THERMALLY ASSISTED PULSED ELECTRIC FIELD ABLATION FOR CANCER
THERAPY

James Michael Hornef
Old Dominion University, 2017
Director: Dr. Chungi Jiang

Pulsed Electric Fields (PEF) have promised improved treatment results in a variety of
cancer types including melanoma, pancreatic and lung squamous cancer. Recent studies show
that PEF-based cancer therapy may be improved further with the assistance of moderate heating
of the target. Experiments were performed to design, calibrate and implement a feedback-looped
infrared laser irradiation system that could maintain specified temperatures during the treatment.
The exact treatment area, penetration depth and thermal distribution of a 980-nm laser fiber were
quantified using several methods, including the knife-edge technique and a tissue optical
property study. In vivo and in vitro experiments using this protocol show that there is a
synergistic effect between PEF and the moderately elevated heating of a target, which resulted in
an increased overall treatment area up to a factor of 5.6 in vitro as well as an increased the

overall survival of the mice by 54% in the treatment of pancreatic cancer in mice.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1. ELECTROPORATION

The phenomenon of electroporating cell membranes has been an established concept in the
medical research field for decades [1]. The idea behind this phenomenon is that a high voltage
Pulse Electric Field (PEF), with a varying pulse width, can be applied to a cell and cause its
membrane to become permeated (Figure 1). At long pulse widths, in the microsecond range, the
PEF is applied to the membrane directly, creating pores in the membrane [2, 3]. However, at
much shorter pulse widths, in the nanosecond range, the PEF can bypass the cell membrane and
treat the intracellular components, such as the mitochondria and endoplasmic reticulum [2-4].
Difference between the treatment effects caused by these varying pulse widths can be attributed
to the plasma membrane charge time. If the pulse width is shorter than the charge time of the
plasma membrane, then there will be a higher probability that intracellular components will be

treated as well as the cell membrane, since the PEF is able to pass through the membrane.

Whether this effect is permanent is dependent on the total electrical energy applied to the
cell. If the energy of the electric field is low enough to avoid permanent damage to the cell, then
the membrane will return to normal once the field is removed. This process is known as
Reversible Electroporation (RE) and is a novel technique used to introduce substances into the
cell that would normally be blocked by the membrane, such as RNA, proteins and drugs [5-7].
When the electric field intensity is high enough to cause permanent damage to the cell, then the
membrane will not return to normal once the field is removed, but rather become unstable and

eventually lead to cell death. This is known as Irreversible Electroporation (IRE), which is a



commonly used technique in the experimental treatment of cancer cells, including pancreatic,

lung squamous cell and breast cancer [8-11].

Reversible
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Figure 1: Electroporation overview. Electroporation falls into two categories; reversible electroporation, in which
the electric field does not cause permanent damage to the cell membrane and irreversible electroporation, which

uses high energy electric fields to disrupt the membrane to the point of eventual cell death.

The application of these PEF is critical in the effective IRE treatment. The most common
types of applicators are the needle electrode and the parallel plate electrode (Figure 2). The
parallel plate electrode uses two plates of opposite polarities and at a fixed distance to generate a
uniform electric field between them (Figure 2). At first, this electrode seems to be the best option
to treat tumors because of this uniformity and its non-invasiveness, allowing it to treat cutaneous

tumors with ease [12-14]. However, these electrodes are severely limited in the types and sizes



of the tumors they can treat. Parallel plate electrode are ill suited for treating tumors within the
body and requires that the tumor size match the dimensions between the plates to prevent

electrical breakdown [12].

Needle electrodes on the other hand are not plagued with these issues. They utilize an array
of needles at specified lengths and distances apart and apply the electric fields between them.
They can treat tumors under the skin as well as larger tumors by using multiple treatment sites
[15-17]. Unfortunately, since the electric field is originating from single points, the resulting
electric field is non-uniform, as shown in Figure 2. Strongest fields are observed at the needles
themselves and become progressively weaker as they move away, which causes the area between
the needles to receive a weaker treatment than that of the injection site. Needle electrodes also
suffer from frequent surface electrical breakdown issues, since the entire length of the needle is
used in the application and it is not uncommon for a portion of the needle to be exposed over the
surface of the tumors. This requires that the needles be insulated with some material, such as
dielectric gel, to help prevent this type of breakdown. Optimization of these electrodes is critical
for IRE treatments of tumors, so a primary goal of this thesis is to find a way to improve a needle

electrode so it can mimic the uniformity of a parallel plate electrode.
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Figure 2: Examples of PEF electrodes. The 4-needle electrode, with a 5 mm x 7 mm orientation, (left) allows for a
more generic target size but has a non-uniform electric field distribution between the needles. The parallel plate
electrode, with a 5 mm gap distance, (right) has a uniform electric field distribution but it must be tailored to exactly

match the target size and can only effectively treat tumors on the skin surface.

1.2. CELLULAR EFFECTS OF MODERATE HEATING

A proposed solution to the non-uniformity issue of the needle electrode is moderate heating.
The moderate elevation of temperature, defined as moderate hyperthermia in the clinical sense,
has been used in combination with other clinical procedures, such as radiation and
chemotherapy, to treat cancer cells [18, 19] (Figure 3). By exposing the body to elevated
temperatures of 39 - 45°C for extended periods of time, > 1 hour, it possible to Kill tumor cells
with minimal damage to surrounding normal tissue [20]. The reason that the addition of heat is
effective at enhancing these treatments is that it effects the fluidity of the cell membrane as well
as the homeostasis of the cells as well as denatures proteins, causing cell cycle arrest and
inhibition of DNA repair [18, 21-24]. Combination of these cellular effects with the effects
caused PEF could prove to have synergistic effects between them, enhancing the overall

treatment.
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Figure 3: Current applications of heating treatments in clinical setting. The combination of heating in the

hyperthermia range with chemotherapy and radiation therapy has shown to improve the elimination of tumors [18].

1.3. MOTIVATION AND HYPOTHESIS

The primary goal of this thesis is to enhance the application of PEF using a needle electrode
for treatment of tumors. This will be done by increasing the effectiveness of the needle
electrode’s PEF through the addition of moderate heating. Based on the characteristics of
moderate hyperthermia, we hypothesize that the addition of heat to the regions of weaker field
strengths will create a synergistic effect between them, enhancing the overall IRE treatment.
Creating a device that can accurately monitor and maintain a specified heat will be integrated

into a needle electrode and the thermal effects, such as the change in optical properties of tissue



due to moderate surface heating, will be discussed. This thesis also goes into a detailed analysis
of the creation, validation and application of a controlled heating system for use in PEF treatment

of pancreatic tumors, which are among the most difficult to treat.

1.4. OUTLINE OF RESEARCH

In Chapter 2, a description of how the device was created including the circuit and electrode
design and sensor/optics integration into the electrode as well as the development of the software
used to collect the data and control the laser will be given. The characterization of the laser
irradiation area using the knife edge technique, observing the changes in the optical properties of
pig skin due to prolonged exposure to laser irradiation and in vitro studies displaying the synergy
between heating and PEF will be discussed in Chapter 3. In Chapter 4, the results of applying
this device to PEF in vitro and in vivo experiments, using pancreatic cancer cell cultures and
tumors in mice respectively, will be discussed. And finally, Chapter 5 consists of the conclusion
and future work of this device, where the key results found in this study and the future

application of this device will be discussed.

1.5. CONTRIBUTION TO RESEARCH
In this project, 1 was a member of a team performing several biomedical experiments,
including nanosecond and microsecond ablation of tumors in mice. My contributions are listed

below:



Controlled Heating System: My primary responsibility was to create the controlled
heating system. | designed and constructed the system as well as programmed the user
interface in LabVIEW.

| designed and fabricated the 4-needle electrode used in the experiments

| performed the characterization of the laser irradiation spot size

| performed the calibration and validation of the system via the pig skin absorption study
| assisted in the in vitro tests using 3D agarose culture of Pan02 cancer cells

| participated in the in vivo mice experiments, operating the controlled heating system

and high voltage pulser in the treatment of pancreatic tumors



Chapter 2

CONTROLLED INFRARED HEATING SYSTEM
In this chapter, the design and fabrication of a device to monitor the temperature of the target
sample and controlled the level of heating in real time will be discussed. This overall design
process includes selection of an appropriate heat source, the creation of the temperature control
circuit, the fabrication of a needle electrode with the integrated optics and electronics, electrical

isolation of the smaller voltage electronics, the design of a heating control software.

2.1. HEAT SOURCE SELECTION

There are several options for heating sources that can be used within this device. Some of the
more common types of heating sources, which are currently being used in medical and
agricultural research, are radio frequency heating, joule heating and laser heating. Radio
frequency heating, better known as RF heating, works by applying high frequency (>70 kHz),
alternating electromagnetic fields, to a target. The alternating currents applied to the substance
causes a volumetric heating effect, the speed and penetration of which is dependent on the
applied RF frequency [25]. This process has been used in applications such as food processing
and sterilization[25, 26] as well as RF ablation of heart tissue to prevent reoccurring
arrhythmias[27]. However, a larger downfall to this technique is that it is notorious for having a
non-uniform heat distribution [25] and the high frequency electromagnetic fields would severely
affect the small scale electronics in the system. These criteria make RF heating ill-suited for this

application.



Joule heating, also known as ohmic heating, uses the passage of electric current through a
resistive material to produce heat [28]. This is seen on practically at electronic devices, often
requiring them to have heat sinks or fans to prevent temperature damage to the circuitry. This
type of heating has been used in food processing by using high energy PEF [29] but this high
energy requirement is dangerous to apply safely in a clinical setting, making ill-suited for this
application. Using this type of heating would also require altering the pulsing parameters of the

IRE treatment, making it not relatable to other studies.

The last option, laser heating, uses high intensity laser light to heat the surface of the target.
The wavelength of this laser light helps determine how deep it can penetrate the tissue, with
longer wavelengths having further penetration [30, 31]. The overall intensity of this surface
heating as well as the distribution of the heating can also be altered by either changing the
distance between the laser fiber and the surface or by manipulating the light using lens, allowing
for fine control of the heat distribution. Since this type of heating only uses light, it has little
chance of indirectly interfering with other electrical devices in the system. Finally, the optical
fibers that deliver this laser light can be easily integrated into an electrode. Based on these

criteria, laser surface heating was chosen as the heating source for this device.

The laser system used in this study was purchased from Lasermate Group Inc. This Class 4
Laser Power Supply operated at 980 nm and with a peak power <8 W. This wavelength was
chosen based on the success of previous studies using this condition, including laser assisted
gene therapy[32] and a comparison study using Bovine tissue[30]. The laser power was
adjustable and the laser status could be controlled manually or with a TTL signal from a
computer, allowing for autonomous control. The fiber used to deliver this laser light, purchased

from Thor Labs, was a M79L005 980-nm optical fiber. During the calibration tests, the laser was
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measured using a power meter and once an optimal setting for the experiments was found, the

laser energy was kept constant in all in vitro and in vivo studies.

2.2. TEMPERATURE CONTROL CIRCUIT

The key aspect to this controlled heating system is the sensor itself. Since it will be used in
high electric fields and during biological experiments, it is required to be non-invasive, highly
accurate and high voltage safe. It also needs to be able to read the heat from the surface of the
target correctly even when the laser is on and not be effected by the wavelength of the applied
laser irradiation, 980-nm. With these requirements in mind, the ZTP-135 thermopile sensor was
chosen for its ability to read infrared signals at the target surface with high precision, its built-in
ambient temperature compensation through a thermistor and it does not detect the laser
wavelength [33]. Thermopile sensors have been used in many projects for remote temperature
measurements, including remote temperature sensing of human body temperature [34, 35],
making it an ideal choice for this project. The modified circuit diagram used for this device is

shown in Figure 4.
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Figure 4: Modified thermopile temperature measuring circuit. An Arduino Uno microcontroller was used to power
the circuit and collect the voltage readings from V,,,,. This circuit design is based on the original patent [36], and
was modified to accommodate for the electrical noise seen by the PEF. Addition of three low-pass filters, a 400-kHz
filer connected directly to the thermopile and 24 kHz filters attached to the Arduino board connections were used to

prevent electrical interference and damage from the PEF treatment.

The thermopile works by converting the thermal energy from the target into an electrical
energy, in the millivolt range, while the thermistor uses the thermal energy to determine its
resistance, both of which can be translated into a temperature reading. The purpose of the
thermistor is to help compensate for the surrounding temperature signals and reduce the error of
the thermopile readings. The complete compensation of the surrounding temperature is handled
by a combination of R1 — R4 and the thermistor, which minimizes the error in temperature
detection by creating a reference voltage V,..r [36]. The thermopile sensor’s output, Vepermopite
is amplified in the non-inverting output of the operational amplifier while the reference voltage is
applied the inverting output. The output voltage signal, V,,,;, is determined by the following

expression:
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R6
Vout = Vthermopile * (1 + R_S) + Vref (1)

Where, (1 + i—z) is the amplifying ratio of the operational amplifier.

This circuit utilized a amplifying ration of x1000, which allowed the Arduino to accurately
read the thermopile readings. The output voltage, ranging from 0 to 5V after amplification, is
supplied to the Arduino Uno microcontroller’s Analog to Digital Converter (ADC), which
converts this voltage signal into a digital signal that can be calibrated into a temperature reading.
As an initial test of the circuit’s functionality, a calibration was performed using a heat block and
an external thermometer as a reference. The thermopile was fixed at the optimal field of view
angle of 90° to the target surface and at a varying distance between 1 cm and 5 cm away from the
eat block surface. Starting at room temperature, the heat block was heated to 50°C. At each 1°C
increase in temperature, the digital value displayed by the Arduino was assigned the temperature
value specified by the thermometer. Once the heat block reached 50°C, it was turned off and this
procedure was repeated as it returned to room temperature. The set-up for this experiment is

shown in Figure 5.
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Varying Height lg

Hot Plate

Figure 5: Thermopile calibration using a heat block. The thermopile was placed at varying distances away from the
heat block surface and the temperature trend over time was measured and compared to that of the thermometer and

thermocouple to confirm the accuracy of the device.

This trend data was fitted with a linear fit and the calibration equation that could convert the
digital ADC signal from the Arduino to a real temperature measurement was created. This
calibration was performed for a thermopile distance of 1 —5 c¢m, in 0.5 cm increments, and a
total of 3 heating and cooling measurements were taken at each different distance. The
calibration equation for each height was the result of averaging the heating and cooling trends

together. The results of this calibration is shown in Figure 6.
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Figure 6: Heat block calibration results. Left: This trend is the result of averaging 3 room temperature to 50°C
measurements and three 50°C to room temperature measurements. It was determined that small changes in distance

(+1 cm) between the thermopile and target surface had little effect in this orientation.

Another issue that needed to be addressed was the electrical noise caused by the high voltage
PEF. Since the thermopile device works in the millivolt range, it can pick up small amounts of
noise generated from the PEF, resulting in large temperature reading errors. To ensure high
voltage safety and electrical noise protection for this circuit, several low-pass filters were
implemented. The filter attached directly to the thermopile has a cutoff frequency of 410 kHz
while the filters added directly to the reference voltage circuit and the output voltage has a cutoff
frequency of 23 kHz. These filters were grounded to the metal enclosure that encased the circuit
and microcontroller, which acted as a Faraday Cage and isolated the small voltage electronics
from the high voltage fields that were being used. In addition to the metal casing, the wires

connected to the thermopile were shielded using a French braid shield, which was terminated to
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the metal enclosure, effectively isolating the entire device from external electrical noise. The

completed control circuit, including the isolation box, is shown in Figure 7.

T HERMOPILE BOX

Figure 7: Completed control system for surface temperature monitoring and laser control. The box contains the

control circuit and the Arduino Uno. All external connections are shielded using French Braid ground cable,
including the external thermopile wires, BNC connection to the laser poser supply and the USB connection from the

Arduino Uno to the computer.

2.3. ELECTRODE INTEGRATION
The next step was to integrate the thermopile and laser fiber optics into a 4-needle electrode.
The electrode was constructed from a Polytetrafluoroethylene (Teflon; PTFE) cylinder, which is

known for its high voltage resistance and ease of machinability. The needles used to apply the
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electric fields were 25-gauge hypodermic needles that were oriented in a 5 mm x 7 mm
orientation, where the like charges needles were 5 mm apart and the oppositely charged needles
were 7 mm apart, with a length of 1.5 cm from electrode base to needle tip. These needles were
insulated using ETFE (Ethylene tetrafluoroethylene) tubing that extended from the internal
connections between the needles and supply cables to a set distance away from the tip of the
needles. The exposed portion of the needle could be easily adjusted based on the size and depth
of the target, allowing for a more generalized application. Additional insulation provided by
theses sleeves not only increased the electrode’s peak voltage capability but also reduced the
occurrence of local breakdown during treatment since the exposed needle length could be
tailored to the target thickness, preventing deep needle penetration and exposed needles above
the injection site. This also allowed for the use of longer needles, which allowed the user to
visibly see the injection site during treatment and react more effectively to experimental changes,

such as local breakdown.

A 980-nm laser optical fiber was placed within the center of electrode and flush to the
electrode surface, targeting the laser light at the weakest portion of the electric field. The
thermopile was integrated into the side of the electrode, which allowed it to observe the center of
the 5 mm x 7 mm needle array where the laser was focused, using the diagram shown in Figure
8. However, using this side orientation reduces the efficiency of the thermopile readings based

on the severity of the field of view angle, 6.
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Target
Electrode
Laser Fiber
10 mm
Thermopile ——*|
ETFE Tubing
Electrode Xmm Center of
«———— Exposed Needle Center Thermopile

Figure 8: Electrode conceptualization. The laser fiber is integrated within the center of the electrode while the
thermopile is integrated to the side, angled to observed the laser treated area (left). The value of this angle is

determined by the physical properties of the electrode and the shielded needle length (right)

When designing the integration angle for the thermopile, the goal was to get the highest
efficiency possible within the physical limitations of the electrode. Limitations such as the
shielded needle length, which accounted for the distance between the electrode and target during
treatment, the center-to center distance between the laser fiber optic and the thermopile, X, and
the thermopile diameter, the size of the hole that needed to be drilled, where take into
consideration. Using these parameters and geometry of a right triangle, the angle of the
thermopile’s field of view can be calculated. The final design used a shielded needle length of 1
cm and 5 mm center-to-center distance between the thermopile and laser fiber optics, creating

field of view angle of 27.5°, which reduces the efficiency of the thermopile to 60% [33].The

finalized electrode is shown below in Figure 9.
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Figure 9: Electrode AutoCAD schematic. The final electrode is a 5 mm x 7 mm 4-needle Teflon electrode with three
slots drilled into it. The center slot houses the laser fiber, the left slot houses a fiber optic temperature sensor used

for calibrations and the right slot houses the thermopile

Using the completed electrode device, a calibration test was performed using a pig skin
sample as the target and an external thermocouple to validate the temperature readings seen by
the thermopile, to ensure that the device was working properly. A simple control program was
created in Arduino to control the status of the laser based on the temperature reading provided by
the thermopile. If the reading was higher than the preset target, then the laser would be turned
off. If the reading was lower than the preset target, then the laser would be turned on. In the case
of this calibration, the temperature target was set to 43°C, which is the target temperature
required in many of the studies this device would be involved in [23]. The overall set-up and

results of this calibration are shown in Figure 10.



19

Electrode Integration Raw

2]
S

&

B
S

©

—— Electrode 5 N “M I ”’ “' 'MN'”” " ‘ ‘}” ”‘” "M(W

—Laser Fiber It} l. Il
‘n' ” Hhh “ 'LJ’. 1\\”
J

w
a

Thermopile

Temperature
w
(=]

M’J
}’ Avg =38.7°C
) STD=+4.8°C

N
o

Pig Skin Thermocouple

N
S

| Petri Dish |

o

Glass Glass 0 50 100 150 200 250

Time(s)

Figure 10: Initial electrode calibration set-up and results. Using the custom electrode and a simple control
program, the pig skin sample was heated to a target temperature of 43°C using the laser and monitored by the
thermopile and an external thermocouple in real time (left). The result of this test showed that the orientation of the

thermopile has a significant effect on the system’s ability to maintain a specified temperature (right).

Unfortunately, as shown above, the first attempt at the calibration was largely unsuccessful.
This was mainly due to the thermopile’s field of view within the electrode. The side orientation
of the thermopile may allow the thermopile to read infrared signals directly at the laser/tissue
interaction site but it severely reduces the efficiency of the readings, since the optimal field-of-
view angle of the thermopile is 90° to the surface. Even at 60% efficiency, a detrimental effect is
clearly seen during the initial calibration of the device and prevents it from even reaching the
target temperature of 43°C. Rather than redesign the electrode to better suit the thermopile, we

decided to explore a programable solution to this problem.
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2.4. OVERSAMPLING AND AVERAGING

As stated before, the Arduino Uno uses an ADC to read and convert the signal from the
thermopile to the computer display. This is done by relating a range of voltage values, or an
analog signal, to a range of digital values that can be read by a computer, which can then be
calibrated to represent a desired reading, such as temperature. The resolution of this reading is
heavily dependent on the range of digital values that the ADC can produce, known as the bits of
resolution. The range of digital values that the ADC can resolve is determined by the following

equation:

number of discrete value = 2Pits of resolution (2)

In the case of the Arduino Uno, a 10-bit ADC is provided, allowing it to produce a range of
1063 digital values for the ADC to assign data values to and the ability to resolve voltage
changes as small as 5 mV in a 5V range [11],which produces the results shown in Figure 10.
The only way to get a better signal is to either improve the quality of the signal, which would
mean redesigning the electrode, or use a higher resolution ADC to resolve the finer changes in
temperature, which would also help compensate for the lower efficiency. Since the Arduino’s
ADC is built-in and hooking up a higher resolution ADC would not only cause slower readings
but would be much more expensive, we decided to apply a programming technique known as

oversampling to the data collection.

Oversampling is a process by which a set number of samples are taken at a lower resolution
and averaged together to create a single sample at a higher resolution [37-39]. The number of

samples needed to be collected and averaged is determined using the following relationship:
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Samples needed = 4(Desried bts)—(starting bits) (3)

For example, if you wanted to increase your ADC from a 10-bit resolution, which has 1023
discrete levels it can use to label temperature readings, to a 12-bit resolution, which has 4096
discrete levels it can use to label temperature readings, you would need to collect and average a
total of 16 data points at the 10-bit resolution to get one point at the 12-bit resolution. The

increased resolution of this processing technique is shown in Figure 11 [38].

10-bit 12-bit

Figure 11: Oversampling resolution increase example. The resolution of an ADC determines how the fine the
voltage resolved data is. Higher bits of resolution results in are more discrete levels that the voltage can be assigned

to, resulting in smaller changes in voltage being resolved [38].

By using this process, we not only mimic a higher resolution ADC, which can resolve finer

changes in voltage, but we are also averaging many samples to do so, which would reduce the
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error of the readings caused by the reduced efficiency. However, this process has one large
drawback, the sampling speed. As the gap between the desired and original ADC resolution gets
larger, significantly more samples at the lower resolution are needed to create the single sample
at the higher resolution, which results in reduced sampling rates. The actual limit of the sampling
speed varies depending on the microcontroller being used. In the case of the Arduino Uno, the

different requirements for increasing the 10-bit ADC to higher resolutions are shown in Table 1.

Table 1: Arduino Uno oversampling statistics [11]

Nyquist Freq?,
- Voltage # 10-bit Samples . f.“"? (Hz)
Additional L X . . . (ie: this is the max.
Over-sampled .. | Resolution (for Required to Achieve Time per Reading at
. Commanded Bits . . . . . frequency that can be
Resolution .. 5V Arduino) |[this Resolution, S, [this Resolution (sec) . .
of Precision, n (mV) detected, via sampling,
bt w/out aliasing, based on
your sample rate)
10 bit 0 4.8876 1 0.000120482 4150.000 Hz
11 bit 1 2.4438 4 0.000481928 1037.500 Hz
12 bit 2 1.2219 16 0.001927711 259.375 Hz
13 bit 3 0.6109 64 0.007710843 64.844 Hz
14 bit 4 0.3055 256 0.030843373 16.211 Hz
15 bit 5 0.1527 1024 0.123373494 4.0527 Hz

The maximum possible sampling rate that the Arduino can reliably achieve at 10-bits is about
4 kHz. As the resolution of the ADC increases, this sampling rate begins to drop rapidly, being
reduced by a factor of about 4 from just increasing the resolution by 1 bit. Based on this trend,
oversampling at resolution of 15-bits was chosen because it not only provided ~33000 discrete

values to assign temperature values but it still allowed for a sampling rate of 4 Hz, which was



more than enough to monitor and maintain the laser heating in real time. This improved ADC
was tested using the sample calibration set-up as before (Figure 10) and was able to reach the

target temperature of 43°C with a standard deviation of +1.8°C, shown in Figure 12.
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Figure 12: ADC resolution comparison. Repeating the calibration test from Figure 10, a target temperature of 43°C

was set in the program using a 15-bit ADC resolution. The 10-bit resolution (left) was unable to maintain the

desired value while the 15-bit resolution (right) could maintain this value with a standard deviation of +1.8°C.

2.5. LABVIEW GRAPHICAL USER INTERFACE (GUI)

With the electrical and mechanical components completed, the final step was to create an
effective and user-friendly interface that could control this system. LabVIEW was chosen as the
platform due to its ability to communicate effectively with the laser, through TTL signaling, and
the control circuit, through a VISA resource to the Arduino Uno, as well as its interface

capabilities. The current version of the LabVIEW GUI is shown in Figure 13.
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Figure 13: LabVIEW Graphical User Interface (GUI). 1) Manual and automatic control of the laser. 2) Time logs of
total heating time, pre-heating timing, total experiment time and an extra timer used for laser control. 3)
Oversampled and averaged data, which controls the laser. 4) Automatic storage of all data including time
dependent laser status, temperature data and all times specified. 5) Monitoring of uncorrected data for error

checking, since the oversampling and averaging data correction would mask errors.

The current iteration of this interface sports many essential and useful functions. By far the
most important is the updated feedback loop between the thermopile and the GUI. Before, this
process was performed solely with the Arduino Uno and was limited in its ability for user
interactions. Using this GUI, the feedback system can now be controlled and manipulated as the
user sees fit, using switches or timers to prevent laser heating in accordance with real treatments.
This GUI also implements the oversampling correction to the data received and uses it to control

the laser automatically. Finally, this interface allows for real time storage of the data including
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when the laser was ON/OFF, the display and collection of the uncorrected and corrected data and
all timing involved with the heating protocol including total heating treatment time, preheat time,
total experiment time and laser control timer, which allows the user to stop the laser for a set

amount of time without stopping the program.

2.6. FINAL PRODUCT

The final system consists of a custom designed 5 mm x 7 mm 4-needle electrode with an
integrated 980-nm optical laser fiber and ZTP-135 thermopile temperature sensor. These fibers
and sensors operate in real time to monitor and maintain a specified surface temperature. The
LabVIEW generated GUI allows the user to observe the temperature trend data over time and
performs data corrections, though oversampling, to increase the accuracy of the readings. Other
functions of this interface include manual laser control, monitoring of significant heating events
and real-time storage of all heating data. Overall, this system can maintain a target temperature at
an accuracy of +1.8°C before and during the application of PEFs with little to no electrical

interference.
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Chapter 3

THERMAL NALYSIS OF LASER IRRADIATION

In this chapter, the characterization of the laser spot size using the knife-edge technique, a
study of the effect that laser irradiation heating has on the optical properties of pig skin and an in
vitro study to display the synergistic effects of the combined treatment protocols is presented.
Understanding these effects caused by laser heating will provide valuable insight into how the
device affects cells and tissue as well as help to create a heating protocol for future in vitro and

in vivo experiments.

3.1. LASER SPOT SIZE CHARACTERIZATION

This section presents an in-depth analysis of the laser irradiation spot size is performed via
the knife-edge technique. Even though the definitions of a Gaussian laser beam are well defined,
it becomes challenging to characterizing the spot size using the equations alone. It is impossible
to know the specific properties of a beam, such as the nature of the laser light and the beam
structure, without physically measuring them. This information is vital in characterizing the
power distribution area that the optical fiber can provide, which will determine the effective area

of heating.

3.1.1. Characterization options
In general, the 2D power distribution of Gaussian beam is characterized using the following

equation [40]:
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P(x,y) = I,exp |— (4)

Where, I, is the initial laser intensity and r is the 1/e? radius of the beam.

An increased laser irradiation area allows for an easier penetration of heat into the tissue. The
accurate measurement laser beam profile is very important in this controlled heating system.
There are many techniques available to perform this analysis, including the slit scan technique
[41], the pin hole technique [42], and the knife edge technique [40, 43, 44]. The pin hole
technique uses an autonomous system to analyze the laser irradiation at every point within the
beam by scanning a small opening across the beam. While this would create an extremely
accurate representation of the profile, it would take a substantial amount of time and specific
equipment to create this system, making it not ideal for this application. On the other hand, the
slit and the knife edge technique are much simpler to perform and work using the same principle,
traversing the laser beam across the knife edge/slit and record the energy of the beam that is
unobstructed. This allows for a quick, inexpensive and, more importantly, accurate
representation of the cross-sectional area of the laser. For this thesis, the knife edge technique

was utilized.

As previously stated, the knife edge technique uses a razor-sharp knife edge and is moved it
in micrometer increments perpendicular to the beam propagation and the total transmitted power,
measured with a power meter, is measured in relation to the position of the knife, as shown in

Figure 14.
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Figure 14: Beam profile experimental set-up. The laser fiber was set at 1, 1.5 and 2 cm away to determine the

optimal distance within the electrode. In all cases, the data was collected in triplicates.

As the knife moves across the beam, the laser energy will start to decrease until the beam is
completely obscured by the knife, as shown in Figure 15. This plot shows the 2D Gaussian
profile of the beam integrated over the displacement of the knife edge [40]. In order to find the
radius of this beam, normally defined as the 1/e? radius for gaussian profiles, a smoothing
derivative is applied to the collected data (Equation 5) and fitted with a 1% or 2" order gaussian

trend line depending on the type of laser, also shown in Figure 15.

apy 1 (3’i+1 —Yi Vi~ %—1)
dx 2

Xiv1 —X;  Xj— X

(5)

Using this fit, the 1/e? radius can be determined by measuring the distance between the

points corresponding to 13.5% of the peak power value.
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Figure 15: Ideal gaussian beam profile and data collection. The image on the left shows the data collected by

moving a knife edge across a laser beam in 5 um increments. The image on the right shows the smoothing derivative

of the data, which can be used to determine the width of the beam

Using the knife edge technique, it is possible to determine the optimal position of the fiber
within the electrode that would allow for the largest area of coverage very quickly and easily,

making it the optimal choice for this experiment.

3.1.2. Materials and methods

The set-up for this procedure is shown in Figure 14. The knife edge technique was performed
at varying fiber distances to achieve the greatest laser irradiation area. However, due to the
geometry of the electrode, the laser fiber could only be place at distance between 1-3 cm away
from the surface, flush to the surface of the electrode and at the end of the housing respectively.
With this constraint in mind, this test was performed for 1-3cm fiber distances in 0.5 cm
increments. These tests were performed with the laser fiber inside the electrode. Since the input

laser power ultimately determines what the peak intensity is and liminality affects the laser



distribution, it was kept constant at 2.31 W. The determination of the optimal laser energy will

be discussed in Section 3.2.

3.1.3. Results and discussion

Based on the results shown in Figure 16, the distance between the laser fiber and the target
plays a significant role in the distribution of the laser irradiation. At a close distance, 1 cm
between the fiber and power meter, a high intensity, narrowly focused beam is observed. This
would cause significant heating at the center of beam but very limited heat distribution to the
surrounding tissue. As the distance between the power meter and laser increases, the laser spot
size becomes larger while becoming less intense. At a of 2 cm, the spot size of the beam was
observed to be a factor of 2.92 larger than that of the 1 cm condition but at a peak intensity a

factor of 2.62 less than the 1 cm condition. These data values are shown in Table 1.

30
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Figure 16: Beam profile results at varying distances. Each prolife represents an average of 3 separate datasets with

an error of +£0.05W and fitted with a 2" order gaussian trend line using MATLAB’s curve fitting toolbox.

Table 2: Measured beam widths and peak irradiation values at varying distances

Distance (cm)

1/e”2 Radius (mm)

Peak Irradiation (a.u.)

1 0.925 3.62
1.5 1.42 2.31
2 2.71 1.38
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It was observed that fiber distances greater than 2 cm would result in a truncated beam. This
is due to the opening provided in the electrode for the laser fiber, which was made to the exact
size of the outer diameter of the fiber, to ensure the fiber stayed in a constant position. While
increasing the fiber distance is still possible, and would result in a similar heat distribution to 2
cm but with high intensity values, it was still not an ideal option because the electrode would be
heated. This would not only be unsafe for the person using this electrode but it could also

damage the components within the electrode and effect the thermopile readings.

In addition to the spot size and peak irradiation comparison, a 2D comparison of the laser
irradiation distribution at these distances was performed. When translated to a 2D profile, is was
clear that a fiber distance of 2 cm away from the target was ideal for this set up since it would
cover almost the entire central area of the electrode. This orientation would allow the deposition
of heat to be more uniform across the central region where the electric field is weakest, as shown

in Figure 17.
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Figure 17: Proposed synergy between laser irradiation and PEF of 4-needle electrode. 2D beam profile at a fiber
distance of 2 cm. Beam profile data was normalized after applying a logarithmic scale. The electric field was
simulated in Comsol Multiphysics using the geometry of the 4-needle electrode and the electrostatics physics

module.

Completion of this test showed that 2 cm between the laser fiber and the target surface is the
maximum this electrode orientation would allow without truncating the beam and would provide
an irradiation area of about 6 mm?, which adequately covers the central region of the electrode.

Analysis of the penetration depth will be discussed in the next section.

3.2. OPTICAL CHANGES IN TISSUE CAUSED BY THE LASER
The purpose of this study was to analyze the effects the laser heating would have on the

optical properties of sections of pig skin, such as absorption and heat diffusion depth. Knowledge
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of these effects will allow for optimization of the laser parameters for future in vivo and in vitro
treatments as well as provide an idea of what the laser heat diffusion would look like, which

would determine if the laser spot size needs to be increased.

3.2.1. Laser tissue interactions

To quantify the effects that the laser heating treatment would have on tissue, calibration tests
were performed with harvested pig skin, due to its similarities to human skin [45-47].
Specifically, the penetration depth of the laser and the amount of heat that diffused through the
tissue over time were measured through observing the changes in the optical properties of the
sample. When light hits the target sample, a portion of it is scattered, absorbed and transmitted
further into the sample [31]. Scattering of the laser light takes place when the direction of
propagation of the photons changes. This causes the light to spread out in all directions, which in
turn limits the depth of penetration. Transmission of the laser light, which determines the
penetration depth of the heating, is dependent on the material it is interacting with as well as the
wavelength of the light. Typically, the longer the wavelength of light, the deeper it can penetrate
the tissue. Scattering and transmission of the light accounts for only a small portion of the total
signal. Most of the light is absorbed by the tissue sample, which generates the desired heating

effect. However, this occurs mainly at the surface of the tissue and slowly diffuses down.

The key to making this heating effective is not only to maintain a specific temperature but to
also ensure it is a uniform temperature throughout the target area. The goal of this study is to
examine the effect that prolonged laser exposure has on the absorption property of the tissue,
which can shed light on how long the tissue sample needs to be exposed to allow for more

penetration of laser light deeper into the tissue, creating a deeper heating. By observing the



35

amount of laser light transmitted through the sample with a power meter, properties such as the
absorption coefficient, scattering coefficient, the effective penetration depth of the laser could be

found analytically [48, 49]:

= = pHed
Io ekt (6)
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Ua d n IO ( )
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5 1
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g =0.62+0.29 %1073 * (Lgser) (10)

Where, I is the transmitted light through the sample, I, is the initial light intensity, u, is the
total attenuation coefficient, d is the thickness of the sample, u, is the absorption coefficient., ug
is the scattering coefficient, A, IS the wavelength of the laser, § is the effective penetration
depth of the laser and g is the average cosine angle of scattering, which can be assumed using

this relationship shown in Equation 10 [49].
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3.2.2. Materials and methods

3.2.2.1 Pig skin harvesting

The pig skin was harvested from euthanized pigs from other biological experiments by the
vivarium staff in the Center for Bioelectrics and was kept frozen at —20°C for preservation.
Before each test, a large sample was thawed to 20°C using a warm water bath and then was
sectioned off in to appropriate sized pieces using a scalpel. The smallest sections of pig skin (~3
mm) had a minimal hypodermal layer on them, leaving primarily the dermis and epidermis. Any
sample larger than this size is a result of a larger hypodermal layer of tissue. These varying
thicknesses were chosen to analyze the effect that the hypodermal layer would have on the laser,
since it has been shown that fatty tissue has vastly different optical properties than that of the

dermis and epidermis [50].

3.2.2.2 Experimental set-up and parameter

This experiment was performed in two parts, but in both cases, the laser fiber was fixed at 2
cm away from a vertically held piece of pig skin, simulating the fiber distance within the
electrode, and the laser power was kept constant at 2.31 watts, which was a value determined to
provide sufficient heating from previous pig skin calibration tests. The first portion of the
experiment used a power meter at the back side of the pig skin to measure the amount of laser
light transmitted through the sample over time (Figure 18). Data points were acquired every 5

seconds for a total laser exposure time of 3 minutes.

The next experiment replaced the power meter with a thermal camera, which was used to

observe the changes in thermal distribution over prolonged laser exposure time at the rear of the
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sample. This data trend would reveal how much heat would diffuse through the sample over
time. Data points in this test were collected every 10 seconds for a total of five minutes, three

minutes with the laser on and two minutes with the laser off to measure how the sample cools

off.

ol Laser Fiber )

Adjustable

Figure 18: Pig skin absorption study set-up. The first part of the experiment used the power meter to measure the
amount of power transmitted through the sample at intervals of 5 seconds for a total of 3 minutes (with the laser on).
In the second part of the experiment, the power meter was removed and a thermal camera, placed 25 cm away from
the sample, was used to measure the thermal distribution of the heating. The thermal camera acquired images every

10 seconds for a total of 5 minutes (3 minutes with the laser on and 2 minutes for a cool down).

3.2.2.3 Data collection and processing

Collected data was processed using Matlab, where the computation of the optical equations

(Equations 6-10) as well as the curve fitting for the calculated data was performed. The collected
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thermal images were processed in ImageJ, where the images were calibrated for correct

dimensions and analyzed using 2D profile plots and 3D surface plots.

3.2.3. RESULTS AND DISCUSSION

Starting with the experimental results from the power meter test, there were significant
changes observed in the optical properties of the pig skin sample from prolonged exposure to
laser irradiation. Each tissue sample was able to retain the laser light for up to 30 seconds but
once it passes this threshold, a consistent decrease in the absorption coefficient was observed
(Figure 19). Despite this trend being observed for all samples, the extra fatty layer caused the
absorption coefficient to be lower from the start. This is attributed to the hypodermal layer
having a high scattering coefficient than the dermis or epidermis, causing less light to be
absorbed [50-52]. These results are comparable with in vivo and in vitro optical studies

performed on human skin [53, 54].
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Absorption Coefficient of Pig Skin vs Laser Exposure Time
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Figure 19: Absorption coefficient over laser exposure time. Analyzed using varying thickness of pig skin. Laser
power was kept constant at 2.3W and was turned off at 180 seconds. Differences in sample thickness is attributed to

increased layer of fatty tissue.

It was also observed that the laser is able the physically penetrate deeper into the skin over
time (Figure 20). While this may seem like a relatively small change over 3 minutes, less than
0.1 mm?, this shows that there is an increase in tissue penetration at longer exposure times,
which can lead to deep heating of the tissue. It is very possible that a higher laser power setting
could potentially increase the rate at which this penetration increases but this can cause
unnecessary surface tissue damage. These results suggest that prolonged exposure to the laser
irradiation lowers the absorption characteristics of the surface tissue and allows the laser light to

penetrate deeper into the sample, resulting in deep tissue heat absorption.
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Effective Penetration Depth vs Laser Exposure Time
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Figure 20: Effective penetration depth of the laser over laser exposure time. Analyzed using varying thickness of pig
skin. Laser power was kept constant at 2.3W and was turned off at 180 seconds. Differences in sample thickness is

attributed to increased layer of fatty tissue.

The heat distribution through the back of the skin followed a similar trend to that of the
absorption coefficient. For the first 20-30 seconds of exposure, there is little to no heat increase
observed at the back of the sample. However, after this delay, a large increase in temperature is
observed over time. This suggests a correlation between these results and that of the absorption
results, specifically in the overall trends. The longer the sample is exposed to the laser light, the
more the absorption coefficient decreases, allowing more light to pass through. Increased
intensity of light passing through the sample results in an increase of heating deep within the

sample, as seen in the trend shown in Figure 21.
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Figure 21: Thermal camera results and calibration images. Images are shown at laser exposure time = 0 (A), 30
(B), 60 (C), 90 (D), 120 (E), and 180 (F) seconds. The ring that begins to appear around the edge of the camera is
the outline of the camera lens and appears due to the different of heat intensity observed by the lens and the ambient

temperature around it.

Using ImageJ image processing software, the 2D images were translated into 3D surface
plots in order to better visualize the heat distribution of the laser irradiation. An example of a
generated surface plot is shown in Figure 22, where the image taken at 150 seconds laser
exposure was used. As expected, the diffusion of the heat follows a gaussian profile, matching
the profile of the laser beam determined by the knife edge technique. The area of the thermal
distribution at the peak laser irradiation was found to be about 2 cm?, which is less than the area
between the needles of the electrode, 3.5 cm?. However, this area only accounts for the peak
temperature reading of 35°C. The entire heating area was determined to be ~4 cm?, which is

sufficient enough to cover the entire region between the needles. This large amount of heat



42

diffusion also suggests that the 6mm diameter spot size of the laser fiber is sufficient for

penetration heating.

It is important to note that the diffusion of the heat was only measured through the rear of the
sample. Based on heat diffusion dynamics, the area of heating on the surface of the skin is
expected to be larger on the surface of the tissue [55]. This experiment primarily focused on the
penetration aspect of the heat diffusion to ensure that the target would be heated internally rather

than just on the surface.
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Figure 22: 3D surface plot of thermal camera image using ImageJ. Using the 2D image taken after 150 seconds of
laser exposure, a 3D surface plot was implemented using the pixel intensity as the Z-axis. The value of 110 pixels

corresponds to a temperature of 22°C while the peak value of 240 pixels corresponds to a value of 35°C.

These results suggest that the penetration depth of the heat provided by the laser is directly
related to the change in absorption characteristics. Prolonged exposure to the laser irradiation
decreases the absorption characteristics of the sample, allowing the laser light to penetrate deeper
into the sample, which in turn generates more heat diffusion. It has been shown that absorption
characteristics of the dermal and epidermal layers of the skin provide a relatively constant

decrease trend after 30 seconds of laser exposure. The addition of a larger hypodermal layer does
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not alter this trend shape but shifts it to a lower starting value, due to its high scattering
properties. Samples with larger hypodermal layers, i.e. more fat, will require a longer exposure
to the laser for complete penetrative heating. It was also shown that the 2 cm distance from the

laser fiber to the tissue surface was sufficient enough to facilitate adequate heat diffusion.

3.3. PROOF OF SYNERGY USING IN VITRO EXPERIMENT

The purpose of this study was to analyze the synergistic effect between moderate heating and
pulsed electric fields as well as validate that this treatment would be effective in eliminating
cancer cells. Before transitioning into animal experiments, it is important to validate the model.
This not only saves time and resources but it also allows for a better treatment of the animals in

vivo since the in vitro results will provide firm starting conditions for their treatment.

3.3.1. Methods and materials

3.3.1.1 Pan02 cell culture procedure

A murine pancreatic adenocarcinoma Pan02 cell line, incubated at 37°C with 5% €0, and
cultured using a 3D agarose cell-culture model was used for this in vitro study [56]. Each cell
culture was prepared as follows [57]. The cells were incubated in a base layer of 900 pL 2.5%
low-gelling temperature agarose gel, in complete media, and was applied to a 12 well tissue
culture plate. This plate was then chilled to 4°C, at which the point the cells suspended and 3 x
10 Pan02 cells, which were resuspended in 1 mL of 1% low-gelling agarose gel, was laid over
the base layer. At this point, the culture was returned to 4°C for four minutes after which the cell

cultures were incubated at 37°C for 20 minutes.
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3.3.1.2 Pulse generator

A ECM 830 Square Wave Electroporation System was used for all applications of PEF in
this thesis. The pulser had a maximum voltage output of 3 kV, a variable pulse width from 10 ps
to 10 secs and a variable pulse repetition rate. The electric pulses are transmitted to the electrode
though banana plug connections and high voltage wires rated for 25 kVDC. For every
experiment, the voltage waveforms were monitored using a Tecktronics ® Model PO015A

voltage attenuator and recorded on a LeCroy Waverunner 64xi Oscilloscope.

3.3.1.3 Experimental set-up and parameters

The PEF were applied using a 2-needle electrode inserted directly into the cell culture with
pulsing conditions of a 100 us pulse width, a frequency of 1 Hz, 80 pulses and electric field
strengths of 0, 0.750 and 1.5 kV/cm with and without heating. A heat block was used to raise the
temperature of the entire cell culture to 43°C and was maintained for at least one minute before
applying the electric pulses. The purpose of using the heat block rather than the laser at this point
was to provide an optimal heating condition, which would give more ideal results. Temperature
was monitored using a combination of a thermometer attached to the heat block and a
thermocouple inserted into the edge of the cell culture. Each condition was performed in

triplicate for statistical significance.
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3.3.1.4 Imaging procedure

Immediately after treatment, 1 mL of fresh media was added to each treated culture and were
incubated at 37°C with 5% C 0, for 90 minutes. After this incubation period, Propidium lodide
(P1, 4 pg/ml) was added to the media, which was then returned to the incubator for another 30
minutes. Once this staining period was complete, images of the ablation zone were obtained
using a fluorescence stereomicroscope, with each image being collected under identical exposure
parameters. All images were processed using ImageJ and are reported as integrated fluorescence

density in relative fluorescence units (RFUs).

3.3.2. RESULTS AND DISCUSSION
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Figure 23: In vitro synergy results using a 2-needle electrode and a heat block. A) 2-needle electrode treatments at
varying electric field strengths and with/without heating. B) Corrected Total Cell Fluorescence comparison between
the voltage and heating conditions. Treatments per group =3-4. ** p<0.01 and ***p<0.001 for pulsing only vs

pulsing +heat by t-test.



47

When applying heating of 43°C by itself for two minutes, there was no cell death observed,
showing that the heating alone is not enough to induce cell death. Applying 750 V/cm without
the heating protocol resulted in cell death to only occur around the needles, where the electric
field would be the strongest (Figure 23). Once a uniform heating of 43°C was added, there was a
significant increase in cell death, a factor of 5.67 more than the pulsing alone, showing that the
elevated temperature was compensating for the areas of weaker field strength. What is even more
interesting is that the addition of heat to 750 VV/cm produced similar results to that of a field
double in strength by itself, 1.5 kV/cm. This means that not only does heating help increase the
effective treatment area of the PEF, but it is also able to reduce the required electric field
intensity to achieve uniform cell death at the treatment site. Even adding the heating protocol to
the higher voltage condition results in larger areas of cell death, like in the case of 1.5 kV/cm

where the addition of heat provided a 1.67-fold increase of cell death when heat was added.

These results show that there is a significant synergistic effect between moderate heating and
PEF. The greatest effect is seen at the lower applied electric fields, where the combination of
these treatments resulted in cell death similar to that of an applied voltage twice as large. Results
suggest that the combination of PEF and moderate heating should allow for greater tumor size

reduction, or even elimination, at lower applied electric fields.
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Chapter 4

THERMALLY ASSISTED PEF TREATMENT OF PANCREATIC CANCER

This controlled heating system has been used in the treatment of various biological
experiments, such as enhancement of gene electrotransfer, nanosecond PEF treatment of lung
squamous tumors in mice, and microsecond PEF treatment of pancreatic cancer in mice. The
experiment involving the pancreatic tumor treatment will be presented in this chapter. In addition
to the in vivo mouse experiment, an in vitro study was performed using 3D agarose cultures to
demonstrate the effects that the 4-needle electrode and laser surface heating would have on cells.

These results have been published in Scientific Reports in September 2017 [57].

4.1. PANO2 IN VITRO TREATMENT USING CONTROLLED HEATING SYSTEM

This in vitro experiment is using the same procedure as the one described in section 3.3, the
only difference being that the 4-needle electrode and laser were used to apply the electric fields
and heat the culture respectively. The laser heating protocol used for this system as well as the
comparison between this treatment to that of the heat block (section 3.3) will be discussed.

Please refer to section 2.1 and 4.2 for the specifications of the laser and pulser used in this study.

4.1.1. Materials and methods

4.1.1.1 Heating protocol
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To ensure that there was sufficient heat penetration during the treatment, a standard heating
protocol had to be determined. An initial protocol was created using the results from the
absorption study, which stated that the laser irradiation would start to penetrate through the
sample after 30 seconds of laser exposure time. This protocol was tested on mice carrying an
induced Pan02 tumor, using a 40-100 mm?3 diameter tumor sizes, which were used as calibration
for the in vivo experiment discussed in section 4.2. A thin thermocouple was inserted into the
base of the tumor and the laser heating was applied to the surface of the tumor at a temperature
setting of 43°C. Results from this calibration showed that it took an average of 30-60 seconds for
the thermocouple to reach 42°C so it was determined that a pre-heat treatment of one minute
should be applied to ensure the entire tumor is heated. This protocol, shown in Figure 24, was

used for all remaining experiments in this chapter.
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Figure 24: Standard heating protocol. When the laser is first turned on, the time it takes to reach 40°C is

monitored. Once this threshold is passed, a one minute timer for pre-heating of the target is started. After

this timer expires, the application of PEF can begin.
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4.1.1.2 Experimental set-up and parameters
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Figure 25: In vitro experimental set-up using electrode and laser control device. The exposed portions of the
needles were inserted into the 3D agarose gel Pan02 tumor model and was treated with PEF and moderate surface

heating provided by the laser.

The 4-needle electrode was inserted directly into the center of the culture, fully covering the
exposed portion of the needles (Figure 25). The controlled infrared heating system was used to
heat the culture up to 43°C using the previously described heating protocol and cell culture
temperature was monitored by as external thermocouple that was inserted at the edge of the well.
The pulsing parameters were similar to the previous in vitro experiment using the 2-needle
electrode and heat block, using an electric field strength 0 and 750 V/cm with and without heat, a
pulse width of 100 ps, a repetition rate of 1 Hz and 80 total pulses. The fluorescence images
were processed in the same way as the previous in vitro experiment. Refer to section 4.2 for the

imaging procedure.
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4.1.2. Results and discussion
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Figure 26: 4-needle electrode with laser heating in vitro results. Top left: 750 V/cm only; Bottom left: 750 V/icm +
heating protocol. Right: Comparison of Corrected Total Fluorescence (CTCF) of IRE conditions and IRE + heating

conditions. * p < 0.05 by t-test

Comparing laser heating alone and the control group, there was no significant difference
between them, confirming the results previously shown that the heating alone is not enough to
cause cell death. Like in the other in vitro study, applying 750 V/cm without the heating protocol
resulted in cell death to only occur around the needles, where the electric field would be the
strongest (Figure 26). When applying the laser heating protocol, there was a significant increase
in cell death, a factor of 1.4 more than the pulsing alone, showing that the elevated temperature

was compensating for the areas of weaker field strength. This increase in cell death is much
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lower than the increased shown using the heat block, since the only the center of the culture is
being heated in this case. Despite this, there is still a significant increase in treatment area when
combining the moderate surface heating and the PEF treatment, once again suggesting that these

protocols are complementing each other.

4.2. PANO2 IN VIVO TREATMENT USING CONTROLLED HEATING SYSTEM

The purpose of this study is to investigate the effect that controlled surface heating will have
on tumors when combined with PEF. This was among the first studies to use controlled laser
heating during the application of PEF. Proving that this device is effective would allow it to
branch out into other biological tests, such as treatment of other cancer strains. In addition to
monitoring the heating, the impedance of the tumor was monitored per pulse through a custom
voltage-current monitor, or VI box. Observing the physical changes in the tumor during
treatment can help shed light on how the PEF are effecting the tumor and if the laser heating is

significantly impacting them.

4.2.1. Materials and methods

This in vivo procedure uses the same cell line, pulse generator and heating protocol
previously described. The preparation and guidelines for the mice and the specific experimental
parameters will be discussed in this section. Refer to section 2.1 and 3.3 for the specifications of

the laser and pulser used in this experiment.
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4.2.1.1 Mouse and tumor model

Female black mice, C57BL/6 mice, of 6-8 weeks of age were injected with 1 x 10 Pan02
cells in 50 puLL Dulbecco’s phosphate buffered saline (DPBS) on the left flank. See section 4.2 for
Pan02 cell line description. The size of primary tumor was measured twice weekly with digital

calipers. Tumor volume was determined using the following formula:

bZ

where () is the longest diameter and (b) is the shortest diameter perpendicular to (a) [58]. Mice
were euthanized at the end of the follow-up period or when they met criterion described at
experimental endpoints, such as large tumor volumes or declining health of the mice. All
experimental protocols were approved by Old Dominion University Institutional Biosafety
Committee (IBC) and Institutional Animal Care and Use Committee (IACUC). And all

experiments were performed in accordance with relevant guidelines and regulations.

4.2.1.2 Voltage and current monitor system

Observation of the change in tumor impedance was performed by a Voltage Current Monitor
Box, or a VI Box. This VI box (Figure 27) utilized two voltage attenuator probes, with an
attenuation ratio of 1000:1, and a current viewing resistor, that used the voltage drop on the
resistor to determine the pulse current applied to the tumor, to monitor the change in tumor

impedance in real time using Equations 11 and 12:
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Where A is the current, V1 is the voltage supplied by the BTX 830 pulse generator, V2 is the

voltage deliver to the electrode, R, is the current view resistor and R is the impedance of the

tumor.
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Figure 27: VI Box Diagram. Voltage readings V1 and V2 were measured directly with the oscilloscope. The current

and impedance values were calculated based on these two values. Circuit isolated from electrical noise using metal

enclosure.
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The voltage signals V1 and V2 were measured and stored using the LeCroy 64xi oscilloscope
while the current and impedance values were calculated after the treatment was completed. Like
the control system, this box was isolated within a metal casing to prevent electrical interference.
It is important to note that since the voltage of pulse was used to determine the impedance of the

tumor, it is not possible to measure the impedance before or after pulsing using this device.

4.2.1.3 Experimental set-up and parameters
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Figure 28: Experimental set-up for in vivo pancreatic tumor tests. The controlled infrared system a laser power
supply, a 4-needle electrode with an integrated 980-nm laser optic fiber and thermopile to control the surface
heating, and a laptop with temperature monitoring and laser control software. Electric pulses are generated by a
BTX ECM 830 Square Wave Electroporation System (IRE Pulsar) and the voltage/current waveforms were

monitored using a VI box and a LeCroy 64xi Waverunner Oscilloscope.
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The Pan02 tumors ranging from 200-400 mm?3 in size, determined by Equation (10), were
treated with either IRE or IRE + moderate surface heating (MHIRE) with parameters: 100us
pulse width, 1 pulse per second, 90 pulses and voltage intensities of 0, 750 V/cm, 1500 V/cm,
2000 V/cm and 2500 V/cm. Once the treatment was complete, the mice were monitored daily

and the tumors were remeasured every 3-4 days.

4.2.1.4 Data collection and processing

Temperature trends and laser timings from the heating treatment were collected using the
GUI and processed using Matlab, where the temperature trend fits were created using the curve
fitting toolbox. The voltage waveforms V1 and V2 were collected using the LeCroy 64xi’s save
function and processed in Matlab, where computation of the current and impedance trends per

pulse were performed.

4.2.2. Results and discussion

4.2.2.1 Laser Heating Trends

An average surface temperature of 44-45 °C was achieved with a fluctuation within 42 °C to
47 °C. The rise time to reach 45 °C was varied for each tumor because of the difference in tumor
shape and whether there was a center necrosis or ulcerations. Noticeably, a much longer pre-
heating time was needed for MHIRE with 2 kV/cm or 2.5 kV/cm (Figure 29). These high voltage
conditions had a high occurrence of surface electrical breakdown so ultrasound gel was applied

on the tumor surface and around the insertion sites of the needles to help prevent this potential
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electrical breakdown. The ultrasound gel caused the surface temperature to decrease and the

heating time to increase, since the laser had to heat the gel before heating the tumor itself.
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Figure 29: In vivo temperature trends at different electric field intensities. The longer heat up times seen at 2 kV/cm
is attributed to the ultrasonic gel applied to the needles to prevent local electrical breakdown. Each trend achieved

an average temperature of 43°C with a standard deviation of +2°C.

The temperature trend of the pulsing only conditions were also monitored, to see if there is a
significant joule heating effect from the higher voltage conditions (Figure 30). There was a
noticeable temperature increase of the tumor due to the pulsing conditions alone was observed.
Maximal temperature increase of the tumor was 7.5 °C for IRE with 2.5 kV/cm and 4.7 °C for
IRE with 2 kV/cm. Because of the relative low base temperature of the tumor, which was
between 23 °C to 27 °C, especially when the dielectric gel was applied, the temperature increase

due to IRE is likely not to impact the tumor ablation.
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Figure 30: Joule heating measurements. Heat generated by the PEF only was monitored using the thermopile.

Results show a minor increase in heat over time.

4.2.2.2 Impedance Measurements

From the impedance curves (Figure 31), the baseline impedance of each tumor varied but the
addition of moderate heat reduced the starting value by 200-300 Q or 15-38% of the baseline
impedance, 750 to 1100 Q. The reduction of the impedance over the pulse train can be correlated
to strength of the applied electric fields, the higher electric field, the more the impedance was
reduced by the end of the treatment. The electric field strength was kept constant for each pulse
so the change in impedance over each pulse can be attributed to an increase of current. The
average drop of impedance was 39.1 to 46.6% for MHIRE with 2000 to 2500 V/cm and 22.4 to
30.5% for IRE with the same electric field. Additionally, it appears that moderate heating also
reduces the fluctuation of impedance changes, which may indicate that moderate heating
enhances uniformity of the tumor dielectric property. A clinical trial treating pancreatic cancer in

humans using microsecond PEF also suggests a correlation between the decrease in tumor
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impedance and tumor regression/elimination [59], suggesting that the tumor impedance plays a

significant role in the elimination of tumors.
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Figure 31: Impedance Trends at different electric field intensities. Impedance values were measured at the delivery

of each pulse. Without heat and with heat sample size = 7-8. Error bars shown at pulse 1, 10 and 80.
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4.2.2.3 Tumor Regression and Elimination

IRE treatments using 750 and 1500 V/cm without heat had little impact on the tumor growth.
However, a synergistic effect was seen in the IRE treatment when the tumor was preheated using
the heating protocol for both 750 VV/cm and 1500 V/cm treatments (Figure 32). A significant
decrease of tumor size was seen in animals treated with MHIRE at 750 VV/cm only at one-time
point at post-treatment day 8, whereas tumors treated with MHIRE at 1500 V/cm were all
significantly smaller than control group or the IRE alone group at all time points on post-
treatment days 4, 7, 11, 13 and 14. Despite this reduction in tumor growth, there was no
complete tumor regression observed under these two IRE protocols, even with the addition of

heat.
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Figure 32: 0.75-1.5 kV/cm tumor growth curves for in vivo treatment. Treatments occurred on day 28 or 31
indicated by black arrow. Ctr: no treatment (n = 4 mice per treatment group); Laser: tumor heated with laser using
the heating protocol; 750 V, 1500 V: IRE at 750 V/cm or 1500 V/cm (n = 4 mice per treatment group); 750 V +
Heat or 1500 V + Heat: tumor preheated using heating protocol with IRE at 750 V/cm (n = 7 mice per treatment
group) or 1500 V/cm (n = 8 mice per treatment group). Right: *p < 0.05; Left: *p < 0.01 or p < 0.001 for MHIRE

vs IRE or Ctr by One Way ANOVA.

The Kaplan-Meier survival curves are shown in Figure 33. Despite the higher electric fields
of 2-2.5 kV/cm, IRE treatment alone could not achieve tumor free animals. It only extended the
medial survival for 3 days with 46 days median survival compared to 43 days median survival
for the control tumor animals. However, the addition of moderate surface heating significantly
extended median survival by almost two times with 84 days compared to control mice. More
importantly, 56% of the tumor-bearing mice that were treated with MHIRE were tumor-free. No
severely sick animals were found for IRE or MHIRE treatment at 750-1500 V/cm, however, at

high electric field 2000-2500 V/cm 5/13 mice in IRE group and 2/11 mice in IRE + heating
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group were euthanized due to severe dehydration, high pain scores or severe sickness. The
causes of serious adverse events were likely related to large tumor necrosis or intestine/adjacent

tissue necrosis.
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Figure 33: 2-2.5 kV/cm survival curves for in vivo treatment. Treated on day 31 indicated by arrow. Ctr: no
treatment (n = 8 mice per treatment group); IRE: treated with IRE (n = 8 mice per treatment group); MHIRE:
tumor preheated using heating protocol with IRE (n = 9 mice per treatment group). ***p < 0.001 for MHIRE vs

IRE or Ctr by LogRank test.

This study sought to increase the efficiency of the current IRE treatment protocol of
pancreatic cancer by moderately heating the tumor before and during the treatment. It has been
shown that there are synergistic effects between moderate surface heating and IRE in both in
vitro cancer cell ablation and in vivo tumor reduction. Moderate surface heating is able to
significantly enlarge tumor ablation zone in vitro (Figure 26) and reduce tumor growth in vivo

(Figure 31). It is also able to produce results similar to that of higher electric field strengths,
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allowing for regression at safer pulsing conditions. Laser heating was also shown to have a
significant impact on the impedance of the tumor, reducing it by 15-38% before the PEF
treatment began. Because complete tumor ablation only occurred with MHIRE group, this

indicates that a large reduction of impedance maybe necessary for complete tumor ablation.
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Chapter 5

SUMMARY AND FUTURE WORK

Pulsed electric fields have many applications in the medical research field, including cancer
treatment, gene therapy and surface sterilization. However, the devices used to deliver these
PEFs often leave much to be desired. Many of these devices, especially in the case of needle or
pin electrodes, require much higher electric fields in order to see the desired result. This can lead
to unnecessary electrical breakdown during treatment and even toxic effects from higher electric
fields. Based on the results from the in vitro experiments, the application of moderate surface
heating can be used to alleviate the requirement for high intensity electric fields by compensating

for the areas with weaker strength fields.

In summary, an infrared controlled heating device was created to investigate the synergistic
effect between moderate surface heating provided by a 980nm laser and pulsed electric fields.
Initially, integration of a surface temperature sensor into a PEF electrode proved to be
challenging due to its physical restrictions and interference from electrical noise. However, by
applying data correction techniques and isolating the small voltage electronics, it is possible to

reliably monitor the surface irradiation in real time using this set-up.

The heating effects caused by this system, including changes in tissue properties and the
diffusion of the laser irradiation into the tissue, were also characterized. Results from various in
vitro and in vivo experiments suggests that the addition of this heating device to the PEF
treatment can result in a larger treatment area and lower the electric field intensity required to see

tumor regression.



Further testing is required to solidify this conclusion and further studies should focus on
optimizing the communication between the components in the system as well as optimize the

laser power distribution to create of more uniform and penetrative heating.
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