Investigation of Histotripsy Cavitation and Acoustic Droplet Vaporization From
Perfluorocarbon Nanoparticles

Dylan Irie Pearson

Thesis submitted to the faculty of the
Virginia Polytechnic Institute and State University
in partial fulfillment of the requirements for the degree of

Master of Science
In
Biomedical Engineering

Eli Vlaisavljevich, Chair
Vincent M. Wang
Yasemin Durmaz

May 9, 2023
Blacksburg, Virginia

Keywords: Focused Ultrasound, Histotripsy, Nanoparticles, Nanoparticle-mediated Histotripsy

Copyright © 2023, Dylan Pearson



Investigation of Histotripsy Cavitation and Acoustic Droplet Vaporization From Perfluorocarbon
Nanoparticles

Dylan Irie Pearson

ACADEMIC ABSTRACT

Histotripsy is a non-invasive and non-thermal focused ultrasound therapy that can be
used to ablate tissue within the body while overcoming many of the limitations of thermal
ablation. Histotripsy utilizes short-duration, high pressure ultrasound pulses to create a cavitation
bubble cloud of numerous rapidly expanding and collapsing bubbles, which cause mechanical
stress on the targeted region. Histotripsy contains multiple subtypes including intrinsic threshold,
shock scattering, and boiling histotripsy, where intrinsic threshold histotripsy utilizes single cycle
pulses focused to a single point to create a bubble cloud from the peak negative pressure ( S> 25
MPa for water-based tissues). Nanoparticle-mediated histotripsy (NMH) uses
perfluorocarbon-filled nanoparticles to create bubble clouds at lower pressures than that of the
intrinsic threshold of histotripsy. Prior studies have shown that nanodroplets (NDs) and nanocone
clusters (NCCs) both reduce the cavitation threshold, but further investigation on different
parameters to optimize treatments have not fully been studied. Additional research is needed for
the characterization of these nanoparticles with different pulsing parameters such as cycle
number and frequency in order to better predict and understand the mechanisms underlying

NMH.

In this thesis, I investigate the ability of new nanodroplets and nanocone clusters to
reduce histotripsy cavitation threshold with NMH. I also investigate the effect that multi-cycle
pulsing parameters have on NMH and stable bubble formation from acoustic droplet
vaporization (ADV) for nancone clusters. The culmination of this thesis will advance our
understanding of the behavior of acoustically-active nanoparticles when exposed to varied

pulsing schemes and frequencies. This knowledge will allow for the further investigation of more

efficient, effective, and safe methods for clinical focused ultrasound therapies.
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GENERAL AUDIENCE ABSTRACT

Histotripsy is a non-invasive and non-thermal focused ultrasound therapy that can be
used to destroy targeted tissue within the body. Histotripsy is currently being developed for
non-invasive and non-thermal cancerous tissue destruction with the first-in-man trial having been
conducted within the last year for the treatment of liver tumors. Histotripsy utilizes
high-pressure, short-duration pulses focused to a single region to create a cloud of bubbles that
are rapidly expanding and collapsing which causes mechanical damage to the targeted cells.
Nanoparticle-mediated histotripsy (NMH) has been developed to utilize nanoparticles to reduce
the pressure needed to induce cavitation. Despite many studies and advances in histotripsy, there
are many areas within the topic that need additional research to better understand the capabilities
of the treatment method. This additional research is crucial in allowing for the development of
new nanoparticles, faster treatment times, and new parameters that could allow for more

precision near critical structures.

In this thesis, I investigate the ability of new nanoparticles to reduce histotripsy cavitation
threshold with NMH. I also investigate the effect that multi-cycle pulsing parameters have on
NMH and stable bubble formation for nanoparticles. The culmination of this thesis will advance
our understanding of the behavior of acoustically-active nanoparticles when exposed to varied
pulsing schemes and frequencies. This knowledge will allow for the further investigation of more

efficient, effective, and safe methods for clinical focused ultrasound therapies.
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Since the inception of the COVID-19 pandemic, the world is focused more than ever on
conversation regarding disease, disease prevention, and improved therapies. Cancer, in its many
forms, has been one of the most formidable diseases throughout the years with new technologies,
therapies, and treatments constantly being investigated and proposed to increase the quality of
life for patients [1]. Many of the most widespread treatment methods involve surgical resection,
radiation therapy, or chemotherapy [2,3]. These treatment methods have shown some success but
remain associated with significant disease progression and recurrence for many cancer types [4].
The tumors targeted by these therapies can vary in size, shape, location, and behavior, which
leads to a large amount of difficulty in treatments using these conventional approaches [3]. As
medical technology progresses in the effort to combat cancer, the desire for non-invasive,
targeted, and patient-specific procedures and therapies has progressed in a comparable fashion
[5]. The innovation of non-invasive medical approaches for treating cancer has come hand in
hand with improved image-guidance systems for accurate and real-time imaging of treatment [6].
Tumor ablation is one of the most commonly used treatments that is minimally invasive and
results in the thermal or mechanical disruption of the cancerous tissue [7,8]. The most common
ablation technologies are designed to combat tumor growth with techniques that utilize thermal
energy to non-invasively induce cell death through either hyperthermia or cryoablation [5,9].
The most commonly used methods used for thermal ablation are radiofrequency, microwave,
laser, and cryoablation [10—12]. Thermal ablation can also be applied non-invasively using
high-intensity focused ultrasound (HIFU) pulses. HIFU is applied by a focused ultrasound

transducer located outside the body that applies long-duration pulses (> 10 ms) to a targeted
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tumor, resulting in the thermally-induced necrosis of the targeted tissue [13]. There has been an
increased use of thermal ablation treatments within the past decade for applications such as the
treatment of liver tumors and enlarged or cancerous prostates [9,14—16]. Thermal treatment
methods have shown promise for ablating tumors < 3 c¢m in diameter in multiple cancers, but
these methods also have limitations due to heat sink effects that cause variability in both
treatment region size and ablation efficiency, particularly in highly vascular tumors [17]. HIFU
can also be further limited by the heterogeneity and location of tumors within the body, long
treatment times, and the reliance on expensive external imaging options such as magnetic
resonance imaging (MRI) thermometry [14,18,19]. The prolonged exposure of high-intensity
treatment has also been shown to cause damage such as burns to surrounding untargeted healthy
tissue while attempting to perform ablation, leading to potentially unpredictable damage
resulting from treatment [13,15,19]. Another holdback of thermal ablation methods is that due to
the excessive treatment time, they are not suitable for treating multiple tumor nodules and are

therefore not capable of treating most patients with late-stage metastatic cancers [10,14]
+ IMRMSY $ EDARQ

Histotripsy is a non-invasive and non-thermal focused ultrasound therapy that can be
used to ablate tissue within the body while overcoming many of the limitations of thermal
ablation [7]. Histotripsy is currently being developed for non-invasive and non-thermal
cancerous tissue ablation with two clinical trials having been conducted since 2020 [21,22]. The
non-thermal properties of histotripsy are due to its short pulses which allow for the treatment of
tumors near critical structures [7,23]. Histotripsy contains multiple subtypes including intrinsic
threshold, shock scattering, and boiling histotripsy, where intrinsic threshold histotripsy utilizes

single cycle pulses focused to a single point to create a bubble cloud from the peak negative
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pressure ( S > 25 MPa for water-based tissues) [23]. This bubble cloud is composed of many
individual nanoscale nuclei that rapidly expand to form micron-sized bubbles which all rapidly
collapse, causing mechanical damage to the surrounding cells during treatment [7,23]. The stress
on the surrounding tissue has been shown to break down cancerous tissue into acellular debris
while being closely monitored using real-time ultrasound imaging [8,23]. In terms of clinical
applications, very high-pressure pulses used in histotripsy require very powerful transducers and
can only be delivered to the targeted tumor effectively when the cancerous tumors can be
properly imaged prior to and during treatment [8,18,24]. With many forms of cancer, patients are
diagnosed at a late stage with multifocal or metastatic disease, making it difficult to effectively

image and target every location of cancerous tissue within the body [25,26].
1 DCRSDUAFBI0 HADMG + DAMRMSW

Nanoparticle-mediated histotripsy (NMH) utilizes the precise non-invasive and
non-thermal qualities of histotripsy combined with synthesized nanoparticles that are designed to
reduce the cavitation threshold by a significant margin [24]. The cavitation threshold is defined
as the peak negative pressure, S, where the probability of one or more bubbles nucleating during
a pulse is equal to 50%, with NMH nanoparticles being capable of significantly reducing this
threshold to approximately 10-15 MPa [7,18,23,24]. The first step in the NMH process is known
as acoustic droplet vaporization (ADV) where the cores of the nanoparticles undergo a phase
shift from liquid to gas after encountering an acoustic wave [27,28]. These acoustically-active
nanoparticles are able to reduce the cavitation threshold by acting as the cavitation nuclei
themselves [29]. The perfluorocarbon (PFC)-encapsulated nanoparticles act as histotripsy agents
and are commonly composed of either perfluoropentane (PFP) or perfluorohexane (PFH) cores

[18,19]. The PFC cores inside the nanoparticles have a lower nucleation threshold due to their
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lower boiling points (29° and 56°C for PFP and PFH respectively) which enable them to both
reduce cavitation threshold for histotripsy and form stable bubbles with ADV under the right
conditions [28,30-32]. ADV can lead to either tumor embolization by using stable bubbles or
transient cavitation as seen in NMH therapy depending on the parameters used [32—-34].

The nanoparticles were first synthesized as nanodroplets (NDs), then later as nanocones
(NCs), and most recently as nanocone clusters (NCCs) which all require chemical expertise to
synthesize [24,29]. While the NDs were shown to reduce cavitation threshold during their
original studies (~10-15 MPa from 25-30 MPa), the expertise required for their synthesis brought
many challenges with the most prominent being the inability to know the amount of PFC within
the core [24,30]. NCs were then designed to be the next generation of nanoparticles with
cyclodextrin (CD) as a host molecule that holds PFC within its core to form a “nanocone”
complex [29,30]. Previous studies have shown NCs to significantly reduce cavitation threshold
reliably, but with the caveat that an optimal derivative of CD for histotripsy was not yet found
due to variations in their solubility profiles and complex formation potential [24,29,30]. This led
to the development of an improved histotripsy agent in NCCs which is the aggregation of some
CDs and their derivatives with either PFH or PFP to increase solubility and stability while also
being able to be stored for longer durations in the form of a powder [30,35]. Previous studies
with NDs and NCCs have also shown selective cavitation within tissue-mimicking agarose gels,
demonstrating the potential of using NMH as a targeted non-invasive treatment for multifocal or
metastatic tumors in future clinical applications [24,32]. This is due to the reduced cavitation
threshold of the nanoparticles that allow for targeted cavitation in regions containing the
nucleating agent, which reduces the need for secondary imaging to guide treatment [31,36]. The

most recent generation of nanoparticles used for this study alongside NCCs are newly
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synthesized NDs that were formulated with the key difference from previous works in that we
are able to use PEG500 to determine the PFH amount within the ND core. This means that for all
current and future studies utilizing these NDs, the specific PFH amounts can be fine-tuned for
each experiment. This can provide crucial data regarding PFH concentration’s relationship to
cavitation threshold and allow for more predictable NMH therapy delivery L QF L. Yhkese NDs
can potentially be used for combination therapy such that the particles can dually function as
cavitation agents and drug delivery vehicles.

Clinically, NMH nanoparticles would be injected into a patient and delivered to
specifically targeted tumors. There are two primary mechanisms that enable these nanoparticles
to localize in tumorous tissue, the enhanced permeability and retention (EPR) effect and the
active targeting moieties attached to the outside of the nanoparticle [37]. The EPR effect is a
phenomenon that involves the size of the invading nanoparticles and their ability to infiltrate
tumor tissue [37]. This is helpful because of the role that size plays in immune response where
larger foreign molecules are more quickly detected and engaged by the immune system than
smaller molecules are [37,38]. Previous studies have extensively researched tumorous pathology
to find that their vasculature is permeable to molecules of sizes smaller than approximately 200
nm in diameter [37,39,40]. A widely known hallmark of tumors is their ability to rapidly grow
and replicate cells [3]. To stimulate this rapid growth and to provide nutrients to the
continuously-growing tumor, the genesis of blood vessels at a rapid rate is required which leads
to inefficient or abnormal structural features. These abnormalities are known as leaky vasculature
and affect the fluid dynamics surrounding the tumor in ways that are not present in healthy
regions of the body [41]. Molecules that are small enough to penetrate these structural gaps are

then able to localize and be retained in tumorous tissue. An active mechanism within the
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nanoparticles that is used alongside the EPR effect is the targeting peptide tags that localize to
specific cancer cells, such as the use of EPPT1 peptide as a targeting ligand for receptors on the
surface of breast cancer cells [42]. Finally, PEGylation is the final main method of active
mechanisms that the nanoparticles use to travel into tumor vasculature. PEGylation is the
attachment of polyethylene glycol (PEG) to the nanoparticles due to the immunogenicity
suppressive effects of the polymer chains [43,44]. PEG is a hydrophilic coating that masks the
nanoparticle when it is flowing through the bloodstream to slow or potentially stop recognition
by the immune system [43,44]. The PEG polymer is non-toxic, non-immunogenic, and highly
soluble in water and these qualities are exhibited by the nanoparticle in translation when it is
coated in PEG to allow for more longevity in the bloodstream [43,44]. The combination of the
NDs or NCCs potentially localizing near the tumorous tissue and their ability to cavitate at
significantly lower pressures than histotripsy would allow for treatment to be conducted without
the need for any real-time imaging [24,45]. Prior NMH studies have demonstrated the ability to
successfully lower the cavitation threshold and ablate multiple cancer cell types including both
prostate and breast cancer [46,47]. We hypothesize that the newly formulated NDs will reduce

the cavitation threshold similar to the NCCs as demonstrated in previous NMH studies.
0 XOMR FRI3XAQI IRUL0 + DQGS$' 9

While the histotripsy methods described thus far utilize single-cycle acoustic pulses,
shock scattering histotripsy has also been found to be a viable method for cavitation cloud
formation and tissue ablation with the use of multi-cycle parameters [48,49]. While intrinsic
threshold histotripsy utilizes the negative pressure wave to trigger the rapid cavitation of a
bubble cloud, shock scattering histotripsy uses multi-cycle (3-20) short-duration pulses to form a

bubble cloud at a targeted area [48]. The increase in cycles causes the nuclei to undergo
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cavitation and scatter shock waves to form a dense bubble cloud growing towards the direction
of the transducer [48,50]. The compounding effect from the initial pressure release from the
bubbles and the multiple shock fronts that are created from the multiple pulses allows for a much
denser bubble cloud to be formed at a negative pressure lower than what is required for intrinsic
threshold histotripsy [48,50]. Due to the nature of bubble cloud formation with shock scattering,
it is typically used for the treatment of deep tumors to avoid the damage of healthy tissue with
off-target effects [48]. As of yet, there have not been many published studies focusing on the
benefits of multi-cycle pulsing relating to NMH. The differing cavitation dynamics from that of
intrinsic threshold histotripsy may have a positive effect on reducing cavitation threshold further
than previously studied for NMH, which could have additional benefits for the development of
NMH therapies for a variety of cancer types and locations.

ADV and similar therapies have been used in drug delivery and the treatment of
malignant neoplasms within the body via blood vessel occlusion [32,33,51]. With ADV being
the vaporization process, utilizing an acoustic field via ultrasound can stimulate nanodroplets to
the point where they vaporize into stable larger bubbles, which can wedge inside vascular
structures and starve off cancerous tissue, or become inertial bubbles for NMH depending on
parameters. Stable bubble formation has only been observed for micron-sized droplets whereas
ADV only leads to transient cavitation when using nanoscale particles [38,52]. Similarly to
shock scattering histotripsy, there have not been many published studies investigating the
feasibility and benefits of inducing ADV with PFC NDs and NCCs. The potential for the same
NDs and NCCs used for intrinsic threshold histotripsy to additionally be able to perform ADV

and occlude blood vessels within tumor cells is a largely untouched avenue of potential therapies.
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We hypothesize that NMH can be effectively applied using this histotripsy pulsing regime and
that stable bubble formation following ADV will not occur due to the size of the nanoparticles.

2 XMICHR 7 KRV

The goal of this thesis was to investigate the cavitation threshold of recently developed
novel histotripsy nanoparticles and to characterize the cavitation effects when using both single
and multi-cycle histotripsy treatments. In conjunction with the investigation of multi-cycle
pulsing and its viability, the capability of using ADV with perfluorocarbon nanoparticles was
also investigated. This thesis is broken into two primary chapters characterizing the NMH
behavior of newly designed histotripsy nanodroplet formulations (Chapter 2) and investigating
the effects of single and multi-cycle pulsing on NMH cavitation (Chapter 3). Finally, Chapter 4
summarizes and concludes the thesis, showcasing the general results from each study. Future
work is then detailed and final comments on the next steps for NMH and multi-cycle pulsing as a

viable treatment method are expressed.
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Nanoparticle-mediated histotripsy (NMH) is a nonthermal, non-invasive focused
ultrasound ablation therapy that utilizes exogenous cavitation nuclei, specifically
perfluorocarbon (PFC)-filled nanoparticles, to reduce the cavitation threshold significantly
compared to histotripsy (10 - 15 MPa) [24]. NMH causes mechanical disintegration of target
tissue through the use of nanoparticles to seed acoustic cavitation when exposed to histotripsy
(non-thermal focused ultrasound) pulses at pressures of ~8-12 MPa [24,45]. Clinically, these
nanoparticles would be injected into a patient and delivered to specifically targeted tumors with
the localization of nanoparticles to tumor tissue occurring due to PEGylation and the EPR effect
[27,53]. A focused ultrasound pulsing scheme would enable the injected nanoparticles within the
tumors to act as artificial cavitation nuclei to achieve targeted tumor cell ablation from the

mechanical stress resulting from the rapid expansion and collapse of microbubbles.
3UHVIRXV1 DORSDUAFBVE VHGIRU1 0 +

As illustrated in )L J XU , the nanoparticles are composed of a PFC core, most
commonly either perfluoropentane (PFP) or perfluorohexane (PFH), forming
polymer-encapsulated nanoparticles that are approximately 200-300 nm in diameter [53-55].
More recently, studies have developed alternative NMH nanoparticles in NCCs which are the

aggregation of some CDs and their derivatives with either PFH or PFP to increase solubility and
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stability while also being able to be stored for longer durations in the form of a powder [30,35].
Previous studies have identified PFH as being optimal for NMH applications when using both
types of particles due to the fact that PFH-containing nanoparticles produced more compact and

defined histotripsy bubble clouds [29,56].

Nanocone cluster Nanodroplet
(NCC) structure (ND) structure

Hydrophobic
chain

Perfluorocarbon \
core Hydrophilic
Perfluorocarbon chain

core

)LJIXIU The components that comprise the perfluorocarbon nanodroplets and nanocone
clusters. Nanodroplet structures are composed of PFP or PFH encapsulation. Nanocone cluster
structures are composed of PFP or PFH encapsulated within a hydrophobic cavity of a cone-like
hydrophilic structure.

The NDs and NCCs are synthesized by our collaborators from the Regenerative and Restorative
Medicine Research Center at Istanbul Medipol University. Previous works have investigated the
effects of an increase in PFC concentration on the ability to reduce cavitation threshold, showing
the importance of the nanoparticle composition [24,57]. The cavitation threshold observed for

each particle in previous studies has been shown to be similar for both types of particles (~10-15

MPa), ultimately depending on the type and amount of PFC present [29,30]. One limitation of
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previously developed nanodroplets is the inability to precisely measure the PFC content within
the core of the nanoparticle, which is essential for predicting NMH cavitation thresholds and

determining the desired concentration of particles for delivering NMH.

0 HMRGV , Qv DAQJ & DYNIARQ 7 KLHKRG | RJ1 DCRAIRSGIV
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The nanodroplets are synthesized using self-assembly of a PEGylated fluoroalkyl
polymer and PFH. The NDs were manufactured using PEGs of various molecular weights and
fluoroalkyl polymers of different lengths to find the nanoparticle with the highest stability and
efficiency. The composition of the NDs can be confirmed using GPC and the concentration of

the PFH can be measured using gas chromatography.

&RPSRVLWLRQ SHUI®RFrBDU & RH)
PEGS500-F5 PFH
PEG2000-F11 PFH
PEGS500-F7 PFH
PEGS500-F11 PFH
PEG2000-F7 PFH
PEG500-F9 PFH

)LJI XU Table listing the composition and core makeup of each ND tested for this study.
Naming convention is the composition of the ND with PEGxxx being a PEG chain with mass
xxx Da and Fx with x being the number of F groups in the fluoroalkyl chain.

6LQJOHI1OWEHHIN X S
For the experiments, some NDs were tested in tissue-mimicking agarose gel and some
NDs were tested in liquid [58]. The gel was manufactured by mixing 1% agarose powder and

99% diluted PBS at room temperature until evenly dispersed. The diluted PBS was flash-boiled
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until 50% of the volume remained to achieve a 1% degassed liquid agarose solution. The mixture
was placed in a vacuum desiccator and kept under a partial vacuum for twenty minutes to
remove any remaining gas. Once the temperature of the solution fell to 40BC, 100 mL of the
mixture was added to a 3D-printed gel phantom holder. Immediately after this, ~10 mL of ND
solution was added to the phantom holder and the entire solution was stored in a refrigerator for

one hour to solidify.
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)LJI XU Images of the 500 kHz transducer and tissue-mimicking agarose gel setup (A) and a
schematic of the components (B).

For NMH experiments in this study, a custom-built 500 kHz, 32-element transducer was
used to deliver the single-cycle pulses as shown in ) L J XU . Before threshold testing of the
NDs, a tank was filled with water that was subsequently degassed for 2 hours to limit the amount
of extraneous gas bubbles during experiments. The transducer was wired to interchangeable
amplifier boards that populate a custom high-voltage amplifier. A field-programmable gate array
(FPGA) board (Altera DEO-Nano Terasic Technology, Hsinchu, Taiwan) was programmed with a
microcontroller to synchronize pulse arrivals when the system was running and was connected to

send the driving signal to the amplifier boards. The FGPA board was connected to a power
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supply, strobe, BlackFly high-speed camera (FLIR Blackfly S monochrome, BFS-U3-32S4M-C
3.2 MP, 118 FPS, Sony IMX252, Mono, FLIR Integrated Imaging Solutions, Richmond, BC,
Canada), and desktop computer. The transducer was positioned parallel to the tank and
perpendicular to the camera and strobe to ensure the most accurate capturing of the bubble cloud
when images are taken. A MATLAB code was then run to initialize the system and provide an
interface to freely alter parameters such as the pulse repetition frequency (PRF) or strobe
brightness. The agarose gel was then attached to the positioning system over the tank containing
the transducer and was lowered into view of the camera which was positioned in sight of the
bubble cloud. The transducer was fired with a PRF = 0.5 Hz at 100 pulses with the camera
shutter being electronically synced to the firing of each pulse. With the goal of the experiment
being to characterize the cavitation threshold of the NDs in order to compare it to known
pressure values without the presence of NDs, 100 images were captured for each pressure tested
at slowly increasing pressures starting at 0 MPa and ending at 37 MPa. With cavitation occurring
in water around the 25-30 MPa range, this testing range is sufficient to characterize the
functionality of NDs as cavitation agents. A computer-guided 3D positioning system was
controlled using MATLAB to orient the gel into focus using the live camera feed as a visual
guide. The positioning system was used to move the gel in 3D in between each set of pulses to
ensure that the transducer is not firing on a location that has been partially liquified after already
being treated.

Liquid samples of NDs were then tested with the same transducer setup to allow for the
highest concentration possible. The process for the preparation of the transducer, camera, and
computer are all identical to that of the gel studies. For the liquid preparation, 1 mL of ND

solution that was degassed in a vacuum desiccator for 24 hours was placed into a tube that was
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connected to a holder and attached to the positioning system. The 1 mL of NDs were removed
and replaced with a fresh sample in between each pressure tested.

EDYLWDKWY RRDGFXODWLRQ

Cavitation thresholds were obtained for each condition by determining the cavitation
probability for each pressure level as the fraction of the total 100 pulses where cavitation was
detected by optical imaging. MATLAB software was used for curve fitting for all data sets. The
software was used by taking an image, binarizing it, counting the bubbles detected, and then
calculating the probability using (T XD W L R(@ X D W L RRi€es the probability of observing

cavitation following a sigmoid function to be

-

> X f%B(_MZNJE 3Y X
U R

X °
with H Bding the error function, Sbeing the negative pressure at which probability of cavitation
is equal to 50%, and 1lbeing related to the width of the transition between 0% cavitation and

100% cavitation [35,59].

5 HXAV 6IQIBGIR FBI10 + 1' 6WG

10+&DY L WDV DRGHGRIHOV

With the gel experiments, six different NDs were tested for their ability to act as
cavitation agents. As shown in )L J XU , each ND was provided and tested at different
concentrations. These variances are due to the synthesis process of the NDs, and with the
intention to test as high of a concentration as possible for initial feasibility studies to characterize
the respective cavitation threshold and resulting histotripsy bubble cloud behavior. All six NDs
were shown to lower the cavitation threshold, but not to the desired range of 10-15 MPa.
PEG500-F5 and PEG500-F11 lowered the threshold more than the other NDs with cavitation

appearing at approximately 21.3 MPa as opposed to 25-27 MPa for the other particles. ) L J XU
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illustrates the probability of cavitation as a function of S for each of the droplet conditions,
demonstrating the largest decreases in the cavitation threshold for PEG500-F11 and PEG500-F5.
The x-axis is the peak negative pressure in MPa and the y-axis is the probability of cavitation.
The pressure at which cavitation is first introduced for each ND is listed as ! and o is the

standard deviation for each cavitation threshold.
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)LJI XU Images taken with BlackFly high-speed camera of bubble clouds within ND agarose
gel at varying pressures. Each row is a different ND with its respective concentration listed in the
left column. Top row is a control with no NDs present.
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Cavitation threshold figures for each ND tested with the agarose gel studies.

Histotripsy control threshold is ~26 MPa for reference. (A) PEG500-F5 PFH ND tested at 5 x
10® particles/mL. (B) PEG500-F7 PFH ND tested at 6.4 x 10® particles/mL. (C) PEG2000-F7
PFH ND tested at 3.6 x 10® particles/mL. (D) PEG2000-F11 PFH ND tested at 2 x 10°
particles/mL. (E) PEG500-F11 PFH ND tested at 10° mL PFH/mL PBS. (F) PEG500-F9 PFH
ND tested at 6.2 x 107 particles/mL.

10+&DY L WIDBMXIVRS®I Q VLR Q

PEG500-F5 was the ND used for the liquid studies due to the fact that it performed the

best as a cavitation agent from the gel experiments. As shown in )L J XU , the cavitation

threshold for PEG500-F5 with the liquid studies did not deviate from the testing in gel. This

indicates that the gel studies for PEG500-F5 did not suffer a loss of concentration due to leakage

or other human error and that the PFH content itself may need to be changed during ND

synthesis.
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)LJIXU Image of cavitation bubble cloud at ~35 MPa (left) and data analysis of cavitation
threshold (right). X-axis is the peak negative pressure in MPa and the y-axis is the probability of
cavitation. p is listed for each ND and represents the pressure at which cavitation is first induced.
o is the standard deviation for each cavitation threshold.

" DAXWMRQ

NMH has been shown to reduce cavitation threshold to pressures significantly lower than
that of conventional histotripsy procedures due to the use of PFC nanoparticles [24,57]. The
newly synthesized NDs developed and tested in this study have the unique ability to fine-tune
PFH concentration within the core which has been shown in previous studies to affect the ND’s
ability to act as a cavitation agent. Experiments with these NDs in both tissue-mimicking gels
and pure liquid form suggest that these NDs are feasible to be used as histotripsy cavitation
agents. For each experiment with each formulation of NDs at varying conditions, the cavitation
threshold was lowered compared to histotripsy, albeit not as substantially as previously studied
NDs. Specifically for PEG500-F11, the manufacturers were able to inform us of the PFH
concentration within the core which allowed us to use a concentration that could be used to
compare to the previously mentioned studies of NCCs where the same concentration reduced the
threshold. The lowered histotripsy cavitation threshold of these NDs shows that they are
effective when used for NMH, which indicates that they could lead to potential developments for

therapies. These NDs, once further optimized, can help to remove the need for larger and more
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powerful transducers for histotripsy treatments due to the lowered pressure threshold that is
required for cavitation. In order to acquire new NDs that lower the cavitation threshold to the
desired range of 10-15 MPa, more repeated experiments on higher concentrations should be
considered. As previously stated, the potential error in precise concentration values led to the
testing of liquid NDs to allow for as high of a concentration as possible. With the data showing
that the liquid study is comparable in threshold analysis to gel studies, these liquid studies should
be considered as initial tests for NDs to pinpoint the most effective PFH concentrations and
droplet formulations before moving to additional gel studies to simulate their capabilities when
within a tissue-like substance. Ongoing studies are trying to refine the concentration of the PFC
cores to lower the cavitation threshold and fully characterize the NDs based on stability and
efficiency. For example, as shown in ) L J XU , testing PEG500-F5 at 1.38 x 10° particles/mL

and PEG500-F7 at 4.94 x 108 particles/mL lowered the threshold from ~22-25 MPa to ~11 MPa.

g ! s !

2 08 8 08

= p-=11.1 MPa 2

S 06 =04 Q 0.6 p-= 115 MPa

s 5 o=03

P 0.4 B 0.4

= 02 5 0.2

] [+-3

) S

g 0 g 0

-9 0 5 10 15 20 25 30 35 -9 0 5 10 15 20 25 30 35
A Pcak Negative Pressure (MPa) B Peak Negative Pressure (MPa)

)LJI XU (A) Cavitation threshold curve for PEG500-F5 (B) Cavitation threshold curve for
PEG500-F7. X-axis is the peak negative pressure in MPa and the y-axis is the probability of
cavitation. p is listed for each ND and represents the pressure at which cavitation is first induced.
o is the standard deviation for each cavitation threshold.

& RFOMRY/
Continuing from the findings of previous studies, new NDs were developed and tested to

investigate their ability to act as histotripsy cavitation agents. The NDs reduced the histotripsy

cavitation threshold to ~20-25 MPa from ~25-30 MPa which showed that they are effective for

18



use with NMH. Current ongoing studies have refined the concentration further to reduce the
cavitation threshold to ~11 MPa for some NDs. Further studies will be needed to optimize these

new particle formulations and concentrations for effective NMH therapy.
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Nanoparticle-mediated histotripsy (NMH) is a nonthermal, non-invasive focused
ultrasound ablation therapy that utilizes exogenous cavitation nuclei, specifically
perfluorocarbon (PFC)-filled nanoparticles, to reduce the cavitation threshold significantly
compared to histotripsy (10 - 15 MPa) [24]. NMH causes mechanical disintegration of target
tissue through the use of nanoparticles to seed acoustic cavitation when exposed to histotripsy
(non-thermal focused ultrasound) pulses at pressures of ~8-12 MPa [24,45]. Clinically, these
nanoparticles would be injected into a patient and delivered to specifically targeted tumors with
the localization of nanoparticles to tumor tissue occurring due to PEGylation and the EPR effect
[27,53]. A focused ultrasound pulsing scheme would enable the injected nanoparticles within the
tumors to act as artificial cavitation nuclei to achieve targeted tumor cell ablation from the
mechanical stress resulting from the rapid expansion and collapse of microbubbles.

Previous studies have investigated different pulsing parameters for NMH such as the
effect of frequency and the effects of positive and negative pressure on NMH cavitation.
Previous work investigating frequency has found that on multiple ultrasound frequencies (345
kHz, 500 kHz, 1.5 MHz, and 3MHz) the cavitation threshold was decreased [60]. Results in
these studies showed that a lower frequency will improve the effectiveness of NMH by means of

increasing the focal region size [60]. Studies on positive and negative pressure with NMH
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investigated the physical mechanisms that caused the nanodroplet cavitation process [61].
Results from these studies provided insight into how negative pressure causes cavitation
nucleation when the PFC core is exposed to it [61]. These studies among a few others have
provided new insights into NMH but have typically relied on single-cycle pulsing.

The first step in the NMH process is known as acoustic droplet vaporization (ADV)
where the cores of the nanoparticles undergo a phase shift from liquid to gas after being hit by an
acoustic wave [27,28]. ADV and similar therapies have been used in drug delivery and the
treatment of malignant neoplasms within the body via blood vessel occlusion [32,33,51]. With
ADV being the vaporization process, utilizing an acoustic field via ultrasound can stimulate
nanodroplets to the point where they vaporize into stable larger bubbles, which can wedge inside
vascular structures and starve off cancerous tissue, or become inertial bubbles for NMH
depending on parameters. Stable bubble formation has only been observed for larger droplets
whereas ADV only leads to transient cavitation when using nanoscale particles [38,52,62].
Previous studies have investigated the use of ADV to produce stable bubbles at a high PRF
(~100 Hz) and cycles typically ranging between 8 and 15 [33,38,62].

The investigation of the PFC nanoparticles as cavitation agents for this experiment
focuses on shock scattering histotripsy, as opposed to the single-cycle intrinsic threshold method
used in Chapter 2. With intrinsic threshold histotripsy firing a large peak negative pressure single
pulse, shock scattering fires multiple cycles of pulses to induce and sustain cavitation [48]. This
alteration of pulsing schematics, while both still lead to bubble clouds, create differing dynamics
of cavitation. Previous work has examined the effects between intrinsic threshold and shock
scattering histotripsy to show that treatment times can be significantly reduced with a higher PRF

[48,63]. This is due to the time between pulses becoming much shorter with higher PRFs
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compared to lower PRFs [31]. While investigating multi-cycle pulsing on NMH cavitation, these
experiments will also investigate bubble dynamics including stable bubbles formed from ADV

when using previously successful parameters at the nanoscale.

0 HKRGV

3D UWA QOHOHMEHWBB SDUDWLRQ

For both the single-cycle and multi-cycle experiments, a 2% agarose gel was used due to
its physical composition closely resembling that of tissue. The gel was composed using 150 mL
of 1x PBS, 150 mL of deionized water, 3 g agarose, and a dissolved NCC solution. The NCCs
were diluted in 55 mL PBS to a concentration of 1 x 10° mL PFH/mL PBS. The 300 mL of PBS
and water was flash boiled to approximately 150 mL to achieve the 2% agarose solution and was
then combined with the NCCs and cooled until a solid gel was formed. The combination of the
solution and the NCCs resulted in a 1% agarose gel. The gel was then placed in a phantom
holder and attached to the positioning system over the tank containing the transducer and was
lowered into view of the camera that is positioned in sight of the bubble cloud.

6LQJOHI&E[BHHULPHQWYV

For NMH experiments in this study, a custom-built 500 kHz, 32-element transducer was
used to deliver the single-cycle pulses as shown in ) L J XU . Before threshold testing of the
NDs, a tank was filled with water that was subsequently degassed for 2 hours to limit the amount
of extraneous gas bubbles during experiments. The transducer was wired to interchangeable
amplifier boards that populate a custom high-voltage amplifier. A field-programmable gate array
(FPGA) board (Altera DEO-Nano Terasic Technology, Hsinchu, Taiwan) was programmed with a
microcontroller to synchronize pulse arrivals when the system was running and was connected to

send the driving signal to the amplifier boards. The FGPA board was connected to a power
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supply, strobe, BlackFly high-speed camera (FLIR Blackfly S monochrome, BFS-U3-32S4M-C
3.2 MP, 118 FPS, Sony IMX252, Mono, FLIR Integrated Imaging Solutions, Richmond, BC,
Canada), and desktop computer. The transducer was positioned parallel to the tank and
perpendicular to the camera and strobe to ensure the most accurate capturing of the bubble cloud
when images are taken. A MATLAB code was then run to initialize the system and provide an
interface to freely alter parameters such as the pulse repetition frequency (PRF) or strobe
brightness. The agarose gel was then attached to an optical rod over the tank containing the
transducer and was lowered into view of the camera which was positioned in sight of the bubble
cloud. The transducer was fired with a PRF = 0.5 Hz and PRF = 100 Hz at 100 pulses with the
camera shutter being electronically synced to the firing of each pulse. With the goal of the
experiment being to characterize the cavitation threshold of the NCCs in order to compare it to
known pressure values without the presence of NCCs, 100 images were captured for each
pressure tested over the range of 0 MPa to 37 MPa. With cavitation occurring in water around
the 25-30 MPa range, this testing range is sufficient to characterize the functionality of NCCs as
cavitation agents. A computer-guided 3D positioning system was controlled using MATLAB to
orient the gel into focus using the live camera feed as a visual guide. The positioning system was
used to move the gel in 3D in between each set of pulses to ensure that the transducer is not
firing on a location that has been partially liquified after already being treated.

OXOWL BREAEQFHHULPHQWYV

There have been previous studies utilizing NMH for single-cycle pulsing, but none using
multi-cycle pulsing. As shown previously, NCCs were developed to address potential issues that
came with NDs such as a smaller size or more readily detectable PFC amounts [24]. Every NCC

tested with histotripsy for this document was composed of a PFH core. We hypothesized that
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NMH will still be successfully capable of being generated from NCCs when using multi-cycle
pulses, and designed an experiment to investigate further. Our secondary hypothesis is that stable
ADYV bubbles will not be generated due to the size of the nanoparticles. Many previous studies

conducted on ADV investigated particles in the micron-size range, whereas the NCCs are much
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smaller in the nanometer range [27,28,32-34].
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)LJI XU The setup for the multi-cycle experiments. (A) The full view of the entire setup with each
component labeled and an insert image of a close view of the tissue mimicking gel. (B) High level
schematic depiction of the process shown in (A).

For the NMH NCCs multi-cycle experiment, a 2 MHz transducer (Daxsonics) was used
due to its ability to utilize a multi-cycle pulsing scheme. The transducer was calibrated at 12
cycles using an Onda Hydrophone and fiber optic hydrophone to accurately convert between
input voltage and output pressure. The equipment setup consisted of the 2 MHz transducer, a
function generator, an oscilloscope, a Nova S12 Photron camera, an amplifier, a strobe, a
computer-guided 3-D positioning system, Daxsonics pulser, gel and liquid holders, and a small
water tank. The parameters were set in the function generator with channel 1 having a frequency
of 2 MHz and desired cycles with burst period set to on. ) L J XU $shows the full setup when

running, where the output of channel 2 was attached with a BNC cable to the TRIG TTL IN port
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on the photron camera. In the function generator, a delay was set to correspond to a trigger after
the final pulse in the 12-cycle scheme from channel 1 had been completed. This channel 2 signal
was sent to the camera to prepare it to snap another image. The cycle of pulse, image, pulse, and
image was repeated and was perfectly timed to be in sync with one another so that the full bubble
cloud could be imaged. Secondary images were set to be taken in between pulses to ensure that
each bubble was in fact newly cavitated and not a formed stable bubble due to ADV. Once the
camera delay trigger was properly set, the transducer was attached to the Daxsonics pulser which
in turn was connected to the output of channel 1 on the function generator. An amplifier was then
connected to the pulser to determine the voltage at which the transducer was being fired. This
caused a chain of events where the function generator set the pulses and timed the camera to
accurately image them, these parameters were then fed into the Daxsonics system which then fed
this information to the actual transducer which fired at the voltage set on the amplifier. This
workflow allowed for multi-cycle pulsing at a changeable voltage with constant live imaging for
monitoring. As for the NCCs, they were placed in an agarose gel created with the same recipe as
the ND gel in Chapter 2. The key difference between preparing the NDs and NCCs was the need
to dilute the NCCs in solution prior to placing them within the gel due to the fact that they were
stored as a vacuum-dried powder as opposed to the ND’s liquid form. The gel was then mounted
on an optical rod that was connected to the computer-guided 3D positioning system and lowered
beneath the 8 mm focal range of the transducer. An open water test was performed to both ensure
that the transducer was firing properly and to locate the bubble cloud with the camera. Once this
was completed, the gel was raised to be in view of the camera and the transducer was fired at
increasing voltages. Histotripsy occurs in open water with these parameters at approximately 24

MPa, which informs the investigation of the cavitation threshold on the gel to be from 0-27 MPa
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in increments of approximately 2 MPa. At every interval, 100 images were collected and then
saved to an external hard drive. Upon completing the experiment, each trial was examined using
MATLAB with the same parameters of previous studies of cavitation being deemed for an
interval if at least 50% of the images contain a unique bubble.

EDYLWDKWY RRDGFXODWLRQ

Cavitation thresholds were obtained for each condition by determining the cavitation
probability for each pressure level as the fraction of the total 100 pulses where cavitation was
detected by optical imaging. MATLAB software was used for curve fitting for all data sets. The
software was used by taking an image, binarizing it, counting the bubbles detected, and then
calculating the probability using (T XD W L R(@ X D W L RRi€s the probability of observing
cavitation following a sigmoid function to be with H Wding the error function, SJbeing the
negative pressure at which probability of cavitation is equal to 50%, and 1being related to the

width of the transition between 0% cavitation and 100% cavitation [35,59].
5 HXAWV &DYIMWMRQ 7 KIWKRG' DR 1 &&V

With the single-cycle experiments, the NCC was tested with a PRF of 0.5 Hz and 100 Hz.
The 0.5 Hz PRF was tested both to reduce the memory effect and because it is the parameter that
has been used in the previous experiments for characterizing nanoparticles as histotripsy
cavitation agents, so it would provide an accurate value for the threshold. The 100 Hz PRF was
tested because it is the parameter that was used for the multi-cycle experiments and would allow
for comparison between this experiment and the multi-cycle experiments with the same NCC. As
shown in ) L J XU , the NCC successfully lowered the cavitation threshold to approximately 10
MPa compared to the approximately 19 MPa of the control. Additionally, the bubble cloud was

visually much less dense and more peripheral bubbles were observed for the higher PRF
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compared to the PRF of 0.5 Hz. ) L J XU illustrates the probability of cavitation as a function
of S for each of the NCC conditions, demonstrating the largest decrease in cavitation threshold
for the NCC at the highest PRF. The x-axis is the peak negative pressure in MPa and the y-axis is
the probability of cavitation. The pressure at which cavitation is first introduced for each ND is

listed as p and o is the standard deviation for each cavitation threshold.
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) LI XU Images of cavitation bubble clouds for NCC gels under single-cycle pulsing schemes
at varying PRFs using a 500 kHz transducer. As expected, the cavitation threshold was lowered
with the use of NCCs for both of the PRFs tested.
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)LJ XU Cavitation threshold figures for single-cycle NCC experiments. (A) Control at 100
Hz PRF. (B) NCC at 0.5 Hz PRF. (C) NCC at 100 Hz PRF.
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For the multi-cycle experiments, the NCC was tested at a PRF = 100 Hz at 5, 8, and 12 cycles. A
control was tested only using 12 cycles at a PRF = 100 Hz since there is a negligible difference
for multi-cycle thresholds above 3 cycles. As shown in ) L J XU , for all multi-cycle variations
the cavitation threshold was lowered from ~24 MPa to ~4.5 MPa. ) L J XlU also illustrates the
probability of cavitation as a function of S for each of the cycle variations, demonstrating the
similarity in histotripsy cavitation threshold between the 5, 8, and 12 cycles. The p represents the
pressure in MPa at which the cavitation threshold occurs for the NCCs. The o is the standard
deviation of pressure for the trial. As shown in the graphs, the cavitation threshold was lowered
to expected values compared to that of the control. Other works conducted on NCCs using
single-cycle pulsing have achieved the same results, indicating further that multi-cycle pulsing is
a viable method for NMH. Frames were captured between pulses during the multi-cycle
experiments to determine if there was any stable bubble formation following ADV. Each frame
captured between pulses displayed no bubbles, showing that no stable bubble formation occurred

during any of the multi-cycle testing.
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) LI XU Images of cavitation bubble clouds for NCC gels under multi-cycle pulsing schemes
at varying cycles using a 2 MHz transducer. Noticeably, for all trials the cavitation threshold was
lowered a significant amount compared to the control. The dynamics of the bubble clouds are
also visibly different, as expected with varying numbers of cycles. Cavitation threshold figures
are also provided for each experiment.

' WAXWIRQ 0 XGMR FBI3XMIQI DQG10 +

As shown in ) L J XU , visually it is observable that there are different dynamics at play
compared to single-cycle pulsing. Visually, the bubble clouds are cavitating less dense and more
peripheral bubbles are present compared to single-cycle pulsing while retaining the same
cavitation threshold for NCCs. This notion could lead to investigations on significantly lowering
treatment times for NMH while still producing consistent results. Larger tumors may be ideal
candidates for this pulsing method due to the larger bubble clouds that can be generated at lower
pressures using this technique. The cavitation threshold was decreased significantly for NCCs

compared to single-cycle pulses and pulsing schemes at a lower PRF. This would enable smaller
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and more portable devices to be used clinically due to the need of generating only a small
pressure. This data should serve as the groundwork for future studies on NMH treatment times
and viability with multi-cycle pulsing. The results found in this experiment are encouraging in
the fact that they have shown the capability of NMH to achieve very low histotripsy cavitation
thresholds which is something that has only recently begun to be explored. Having parameters
for multi-cycle pulsing that are proven to induce cavitation at a desired threshold for NCCs can
also lead to more rapid testing of NDs and NCCs at varying PFP and PFH concentrations.
Recently, a study has been conducted using low-frequency, long-duration ultrasound pulses to
induce NMH [64]. We plan to explore even longer pulses and new variations of cycle number
and frequency parameters in future studies to more fully understand the cavitation nucleation and
bubble cloud dynamics in NMH under the full range of potential treatment regimes.

& RFOMRY/

This work investigated the ability of NCC to act as histotripsy cavitation agents with
NMH for both single-cycle and multi-cycle pulsing schemes. The results of this study show the
capability of NCCs to lower the histotripsy cavitation threshold to pressures significantly below
the histotripsy intrinsic threshold. While previous studies have shown that this is possible with
NMH, this study also shows the capability of these NCCs to further lower the cavitation
threshold below previously recorded NMH pressures with the use of multi-cycle pulsing. Results
demonstrated that while multi-cycle pulsing parameters lower the histotripsy cavitation
threshold, altering the cycle number between 5, 8, and 12 cycles did not alter the threshold
significantly. During the multi-cycle experiments, images were taken in between each pulse to
determine if any stable bubbles were formed following ADV. These stable bubbles were not

formed, as expected, following the existing literature of stable bubble formation not occurring
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for particles on the nanoscale. Overall, this study demonstrates that artificial nuclei and
multi-cycle parameters can offer a way to further reduce the histotripsy cavitation threshold

significantly.
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& RFOMRQ/

The experiments conducted in this thesis were designed to investigate histotripsy
cavitation and acoustic droplet vaporization from PFH nanoparticles using single and multi-cycle
pulsing modalities. The cavitation threshold of novel PFH NDs was investigated with
single-cycle pulsing using a 500 kHz transducer in Chapter 2. Each of the NDs tested reduced
the cavitation threshold from >28 MPa to a range of 20-25 MPa. Varying concentrations of PFH
yielded different results in terms of cavitation threshold reduction. PEG500-F5, the ND that was
tested both in gel and 1 mL liquid experiments showed no difference in threshold between the
two. The 1 mL liquid experiments were conducted to ensure that the highest concentration of the
ND was being tested. Chapter 3 presented the investigation of PFC and PFH NCCs using
multi-cycle pulsing methods. There is no prior work published investigating NMH behavior with
shock scattering histotripsy, and the results from this experiment matched our hypothesis that
NMH could be effectively applied using this histotripsy pulsing regime. In all trials, the NCCs
lowered the cavitation threshold to ranges lower than that of intrinsic threshold histotripsy. Stable
bubble formation from ADV was not anticipated to occur with the NCCs due to their size, and
this was confirmed upon investigation within only inertial cavitation characteristics of NMH
observed for all experiments.

) XULH' LUHRARQY

The ability of NMH to reduce cavitation threshold in multiple pulsing methods is the

groundwork for future investigations. There are already active ongoing investigations alongside

numerous published works on NMH with single-cycle and multi-cycle pulsing. The newly
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synthesized NDs tested in the experiments for this thesis are unique in that their PFH
concentrations are able to be determined upon synthesis. While the NDs reduced the cavitation
threshold in each trial, these pressures did not align with the 10-15 MPa threshold of previously
studied NMH works. There are currently ongoing studies looking to refine the concentration of
NDs that have lowered the cavitation threshold to ~11 MPa for some samples. This notion
indicates that future studies regarding the concentrations of the PFH content within the NDs
should be conducted. As for multi-cycle pulsing, these experiments lay the groundwork for both
NMH threshold studies using different parameters and ADV initiation with PFC NCCs.
Multi-cycle pulsing as a whole has not been as thoroughly studied as intrinsic threshold
histotripsy, which gives way to future work investigating the potential to develop more rapid
pulsing schemes using this approach. The cavitation thresholds analyzed from these experiments
are promising in that they are both consistent and effective at lowering the cavitation threshold.
Testing NDs as well as different concentrations of PFC NCCs with multi-cycle pulsing in the
future will only further characterize these nanoparticles as cavitation agents. There are also
ongoing studies investigating the combination therapy aspect of the nanoparticles to reduce
cavitation threshold as well as serve as drug delivery agents. ADV did not lead to the formation
of stable bubbles during this experiment, though future studies can be conducted with a control
particle that is similar in size or composition to that of the NCC to investigate the parameters and
conditions required. Overall, NMH has been shown to be a viable treatment for multiple pulsing

schemes with both the NDs and NCCs proving to be viable cavitation agents.
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