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Chapter 1. Introduction

Chapter 1. Introduction

1.1  Background

1.1.1 Targeted delivery

Difficult diseases, such as cancer, cardiovascular illness, and genetic disorders,
have always been the hottest spots in research and clinical fields. Through years,
many new therapeutic drugs and medical devices related to gene therapy are invented
and developed, aiming to cure these largest obstacles to a healthy human life [1] [2]
[3] [4]. In conventional delivery systems, typically oral ingestion and intravascular
injection, the medication is distributed throughout the body through the systemic
blood circulation. For most therapeutic agents, only a small portion of the medication
reaches the organ to be affected. Problems frequently occurring with many
conventional drug delivery methods are [5]: poor solubility, insufficient in vitro
stability (shelf life), too low bioavailability, too short in vivo stability (half-life),
strong side effects, and lack of large scale production.

As a result, the need of effective administration of these pharmaceutical agents
targeted directly to the diseased area is becoming more and more urgent. Such a
manner of site-specific delivery, termed targeted delivery, aims to prolong, localize,
target and have a protected drug interaction with the diseased tissue. Many of the
pharmacological properties of drugs can be improved through targeted delivery
because both safety and efficacy are protected [6] [7]. Obviously drug targeting to
specific sites in the body requires different delivery systems depending on the
delivery route selected [8]. But commonly, there are several key requirements that a
targeted delivery system must fulfill: retain, evade, target and release [6]. To be more
specific, the characteristics required are listed [5]:

1. Easy to produce

2. Applicable to as many drugs as possible

3. Physically stable
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4. Being composed of well tolerated and simultaneously already regulatorily
accepted excipients

5. Being able to be produced on large scale

6. Production lines should be able to be qualified and acceptable by regulatory
authorities.

Towards these requirements, many delivery systems as well as drug carriers, also

called vehicles are developed.

1.1.2 Delivery systems and vehicles

Due to the many requirements needed to be fulfilled, targeted delivery is
becoming a multidisplinary science consisting of physics, chemistry, biology and
pharmacology. Based on their own experience of research, strides from various fields
have been made by scientists and researchers. A number of approaches aiming for
targeted delivery are developed over the past years. A list of them is shown in Table
1.1 [9] [10] [11] [22] [13], classified basically on the main science which the method
referred to. One thing needs to be pointed out here is that all these methods deliver
drugs by means of manipulating drugs. Changing the size of therapeutic agents, such

as reducing it to micro- or even nano-scale is not the topic here.

Table 1.1 Targeted delivery methods

Chemical methods Physical methods Others
Liposome Direct injection
Polymeric micelle Particle bombardment
Biodegradable particle Electroporation
Carbon nanotube [14] Magnetic sphere [15] Virus [16]
Cell adhesion peptide [17] Microfluidics
Antibody Microneedles

Thermal poration

Ultrasound-mediated method
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The applications of chemical methods are often very specific. A certain kind of
delivery method can usually be applied to a certain kind of drug or they delivery is
confined to a certain area or a certain disease.

The category which ultrasound-mediated method belongs to is the physical
group. Physical methods are more widely applicable compared to chemical methods.
Each method has its own unique advantages and limitations; however, the
ultrasound-mediated method, which was developed relatively recently [18], has
several advantages over the other physical methods. Specifically, it is less invasive
than the electroporation method since the ultrasound wave can propagate through soft
tissue and reach the cells of internal organs [19] [20]. In addition, both spatial and
temporal aspects of delivery can be controlled by adjusting the ultrasound parameters,
transducers and acoustic waves, and in so doing, the desired area can be targeted and

side effects can be reduced [19].

1.2 Ultrasound and acoustic cavitation

1.2.1 Ultrasound induced bioeffects

Ultrasound is a type of mechanical wave that has a frequency exceeding 20 kHz;
it cannot be heard by human ears. The fundamental characteristic of the wave is that
the particles of the medium oscillate about their equilibrium position, with the particle
displacement from the equilibrium position. For fluids the displacement will be in the
direction of propagation of the wave, so that the waves are longitudinal. The pressure
amplitude of the longitudinal wave (also called compressional wave) is typically
specified in Pascal, but kPa or MPa is more commonly seen in the medical field.
Ultrasonic waves transport energy in the form of kinetic energy (particle motion) and
potential energy (fluid compression). As a result ultrasonic waves can alternatively be
characterized in terms of their energy density and the rate at which they transmit
energy. The acoustic intensity of a sound wave (W/cm?) is defined as the average rate
of flow of energy through a unit area normal to the direction of propagation and is
proportional to the square of the pressure amplitude. Ultrasound is one of the most
widely applied clinical diagnostic tools and most of the therapeutic effects of
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ultrasound have been developed during the long period when ultrasound served as
one of the most reliable diagnostic technique. These effects have included techniques
such as ablation of tissue or cancer (by high intensity focused ultrasound, HIFU),
sonophoresis, hemostasis, and vascular occlusion [21] [22].

To better understand how ultrasound changes its role from diagnostic to
therapeutic, the bioeffects induced by ultrasound: heating and cavitation, are
introduced here. Heating and cavitation are the primary mechanisms of action
underlying these therapeutic effects, all of which arise from the propagation of
ultrasound waves in cells and tissues. Heating is a direct bioeffect induced by
ultrasound and can be easily observed [23]. Energy is lost from the ultrasonic wave as
it passes through tissue, largely as a result of visco-elastic absorption processes. Most
of the acoustic energy so deposited is converted to heat, raising the tissue temperature
and creating the thermal hazard under discussion. Although heating caused by
ultrasound is highly localized, limited in extent to the region within, and immediately
adjacent to, the ultrasound beam, the intensities and powers used in present-day
diagnostic ultrasound scanners are sufficient to raise the temperature of tissues,
locally, by a few degree Celsius, from the absorption of ultrasound alone. Such a
temperature raise can easily cause cell death and especially when it comes to HIFU
(high intensity focused ultrasound), the heating is so severe that it will ablate tissue or
cancer cells if designated.

Cavitation, compared to heating, is @ much more complicated bioeffect and is
stressed in the following section.

Besides heating and cavitation, a number of secondary physical effects can also
be generated by an ultrasonic field [24]. These result from the nonlinear nature of
acoustic equations that describe the wave behavior. As these are secondary effects
they tend to increase in proportion to intensity and are generally relatively small in
magnitude. The first of the secondary effects is radiation pressure, a steady (for a
continuous wave) small pressure exerted on surfaces or media interfaces and acting in
the direction of propagation of the wave. The second is a bulk movement of fluid
away from the transducer in the direction of propagation known as acoustic streaming.

Since the intensity of sound wave applied in ultrasound-mediated delivery is usually
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not so high, influences from these secondary effects are not as substantial as from
heating or cavitation.

1.2.2 Acoustic cavitation

Acoustic cavitation is the most important bioeffect related to the delivery via
ultrasound. Here a brief introduction to the very phenomenon is given and detailed
bubble dynamics will be illustrated in the next chapter.

When an ultrasound wave propagates in the liquid or liquid containing tissue, a
mechanical strain is induced, where strain refers to the relative change in dimensions
or shape of the body that is subjected to stress. The strain is significant near gas or
vapor bubbles, hence the interest in ultrasound-induced cavitation. Acoustic
cavitation, or to be more specific, ultrasonic cavitation, in a broad sense, refers to
ultrasonically induced activity occurring in a liquid or liquid-like material that
contains bubbles or pockets containing gas or vapor [25]. When a gas bubble in a
liquid experiences the variations in pressure of an acoustic wave, its size is driven to
change, expanding during the period of decreased pressure and contracting during the
compression half-cycle of the wave. For low values of peak acoustic pressure,
oscillations in bubble radius largely follow variations in pressure. As the peak
acoustic pressure increases, a variety of different motions may be induced. Ultimately
the bubble becomes unstable as it contracts, collapsing catastrophically under the
inertia of the surrounding liquid. Consequently, there are two defined types of
acoustic cavitation classified according to the bubble behavior: non-inertial and
inertial [26]. Non-inertial cavitation, formerly called stable cavitation; occurs when a
gas bubble in a liquid is forced to oscillate with only a relatively small to moderate
increase and decrease of radius, when the pressure amplitude of the external acoustic
field is not too high. So no matter what the name it is called, the most characteristic
point of such a kind of cavitation is the oscillating of bubbles. Inertial cavitation,
formerly called transient cavitation, occurs if the acoustic pressure amplitude is
sufficiently high and above a threshold level. The bubble grows to its maximum
radius and then collapse. Here again, no matter what the name this kind of cavitation
it is called, the most characteristic point of inertial cavitation is the violent collapse of
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the bubble after growth and oscillation.

Oscillating bubble can generate small-scale and boundary-associated steady and
direct current flow [27] [28]. To differ it from the acoustic streaming generated by the
acoustic filed itself, this kind of acoustic streaming is termed as microstreaming. The
bubble oscillations induce on the surface steady shear stress attributed to
microstreaming. The amplitude of the shear stress is small but when the bubble is
adjacent to a cell, this shear stress can also cause changes to the cell.

Toward the end of the collapse of bubbles in cavitation, the predicted wall
speeds and accelerations are high, and shock waves can propagate through the gas
and be emitted into the liquid [24] [29]. Polytropic models of the collapse of a bubble
containing homogeneous gas predict pressures in the range of hundreds of
megapascals and temperatures in the range of thousands of degrees Kelvin when the
volume is minimal [30]. These transient temperatures and the gas shocks are capable
of generating free radicals by hydrolysis, which subsequently yield reactive chemicals.
Electronically excited species, in turn, can cause the emission of a light flash, a
phenomenon known as sonoluminescence.

Either from the mechanisms in non-inertial cavitation or inertial cavitation, these
microscopic phenomena are found to be manipulatable in research as well as clinical
fields. Acoustic cavitation is thus responsible for, or at least strongly related to, many
therapeutic applications of ultrasound.

1.3 Sonoporation-mediated delivery

1.3.1 Sonoporation

The reason that ultrasound-mediated are capable of delivery therapeutic agents
in cellular level is a phenomenon termed sonoporation, an effect of ultrasound on
cells. Ultrasound-mediated gene delivery is considered to be closely related to
acoustic cavitation. Cavitation and cavitation-induced activities can temporally
increase cell membrane permeability through a process referred to as sonoporation;
briefly, transient holes are induced in the phospholipid bilayer of the cell membrane,
which allows large molecules to be transferred into the cell [20]. Ultrasound-mediated
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delivery method is a very effective modality for drug delivery and gene therapy
because energy that is non-invasively transmitted through the skin can be focused
deeply into the human body in a specific location and employed to release drugs at
that site [31].

The most characteristic symbol of sonoporation is a small hole on cell membrane
[32] (seen in Figure 1.1). Direct observation of such pores is of course the most
effective evidence of sonoporation. Considering the difficulty in direct observation
caused by the small size of such pores, sonoporation can also be indicated by trapping
large fluorescent molecules inside the viable cells (the molecules are excluded by
viable cells and leak out of nonviable cells), and is different from the commonly
noted permeabilization indicated by trypan blue or propidium iodide stains, which
stain lysed, nonviable cells. An example of intracellular drug delivery is shown in
Figure 1.2 [33]. Confocal microscopy showed that all of the molecules were
transported into the cytosol of living cells when present in the media during
sonication. Another successful delivery of plasmid DNA to a cell line is shown as an
example of intracellular delivery via sonoporation, seen in Figure 1.3 [34]. This
transfection was shown 2 days after sonication, showing that the damage to cell
membrane was not lethal and cells survived after sonoporation.

As that listed in Table 1.1, another pore formation method using electrical field
which is sometimes discussed together with sonoporation is electroporation, a
significant increase in the electrical conductivity and permeability of the cell plasma
membrane caused by an externally applied electrical field. Electroporation was first
demonstrated by Neumann and colleagues in 1982 and has subsequently become a
widely used technique. The voltage required for pore opening varies considerably and
is dependent on cell size and shape, ranging from values of approximately 100 V/cm
in large cells such as myotubes up to 1-2 kV/cm in small cells such as bacteria. [35].
Similarly as that in sonoporation process, the exact mechanism by which the plasmid
enters the cell following electroporation is unclear. Technically electrodes are needed
in electroporation and this method is thus invasive or sometimes mini-invasive while
sonoporation is of course noninvasive. Mehier-Humbert has reviewed these two

physical methods together and made a detailed comparison [36]. The efficiency of
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electroporation is generally higher than sonoporation. For example for Jurkat
lymphocytes (nonprimary cells) electroporation was superior to sonoporation in terms
of transfection efficiency (15.83+3.5% vs 7.53+0.4%) [37]. However, for certain
kinds of cells, the efficiency difference may be little. Toxicity and invasiveness from
electrodes are limitations for electroporation while efficacy is the main limitation for
sonoporation method. In sonoporation the cell viability usually drops with increasing
efficiency, and in electroporation due to its nature of invasiveness such drop is even
quicker [38].

Figure 1.1 An atomic force microscopy image of pores on the cell membrane [32]
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Figure 1.2 An example of intracellular delivery by ultrasound. (a) Confocal micrographs
showing a nonsonicated DU 145 cell exposed to calcein (A1) and sonicated cells exhibiting
uptake of calcein (A2), bovine serum albumin (A3) and 150 (A4), 500 (A5) and 2,000 kDa

(AB) dextrans. Scale bars are 1 um [33]

Figure 1.3 An example of intracellular delivery of plasmid DNA via sonoporation [34]
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1.3.2 Mechanism studies

One of the earliest investigations on the use of ultrasound to enhance drug
delivery was reported by Fellinger and Schmid in 1954 [39], when they enhanced the
delivery of hydrocortisone ointment into inflamed tissue. In a more modern fashioned
scientific research way, the studies on ultrasound enhanced uptake of drugs or gene
expression dates back to as early as 1980s [40] [41]and gains more and more interest
from 1990s [18] [42] [43]. Since then, a large variety of deliveries were achieved
including, fluorescent markers [44], therapeutic drugs [45]especially anti-cancer
drugs [46], short interfering RNAs [47], and plasmid DNAs [34]. Successful
deliveries in vivo [48] implicated very good future of sonoporation-mediated method
into a clinical application. Yet, a large obstacle to this advancement is the fact that till
now the mechanism of sonoporation is not fully understood.

The first matter to be considered is where sonoporation happens. As known to all,
the biological cell membrane is mainly composed of lipids, ion channels, and proteins.
Its framework consists of a double layer of phospholipids (lipid bilayer). The cell
membrane consists primarily of a thin layer of amphipathic phospholipids which
spontaneously arrange so that the hydrophobic "tail" regions are isolated from the
surrounding polar fluid, causing the more hydrophilic "head" regions to associate
with the intracellular (cytosolic) and extracellular faces of the resulting bilayer. Both
molecular simulations [49] [50]and direct visualization of pores following ultrasound
exposure in experiment results [32] [51]have proved that sonoporation takes place in
the lipid bilayer, and may possibly somehow related to the self-assembly of
hydrophobic and hydrophilic parts in the bilayer [49]. The membrane is also
responsible for the controlled entry and exit of ions like sodium, potassium, calcium.
Calcium transients were found during sonoporation by Deng’s group and their results
indicate the formation of nonspecific pores in the cell membrane by
ultrasound-stimulated microbubbles and the generation of calcium waves in
surrounding cells without pores [52].

The second matter here is how the pores on the biological membranes come into
being. The current conception of the biological mechanism underpinning

sonoporation is the formation of non-lethal and transient pores on the surface of cell

10
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membranes in a manner that allows cell-impermeable molecules to enter the
intracellular space, and subsequent resealing and/or repair of the pores. The formation
of pores during sonoporation is strongly related to acoustic cavitation. The acoustical
mechanisms underpinning sonoporation include effects associated with stable
microbubble oscillation such as microstreaming [27] [28] [53] [54], and microbubble
disruption in cavitation leading to the generation of shock waves [55]and microjets
[56].

Steady oscillations of gas bubbles in liquid generate velocity gradients near a
wall. The bubble oscillations induce on the surface steady shear stress attributed to
microstreaming which may lead to sonoporation when cells are adjacent or attached
to the wall. Models and methods for estimating acoustical microstreaming and the
shear stress that is induced on a surface by the pulsations of a bubble have shown that
the amplitude of the stress are in kilo Pascal order [28] [57] [58], relatively mild when
compared to the value of shock waves from its inertial counterpart. Although the
exact mechanism requires further investigation, shear stress on endothelial cells is
likely to be translated into biological responses by interactions among the
cytoskeleton, ion channels, and membrane receptors [59], thereby activating a chain
of biochemical and genetic processes that allow the cells to adapt to flow, such as
transients of calcium ions [60].

Violent collapse of bubbles leads to severe physical phenomena such as shock
wave and high speed jetting during inertial cavitation [61]. Sudden collapse of
cavitation bubbles leads to the formation of shock waves that are capable of
disrupting the tissues and enhancing drug transport and collapsing bubbles near a wall
experience non-uniformities in their surroundings that results in the formation of
high-velocity microjets. The microjet can penetrate into the tissue or generate
secondary stress waves in the tissue. Structural details of membrane disruption are not
completely clear. Molecular dynamics simulation shows an option of explanation on
how pores come into being from shock wave or high speed microjets [49] [50] [62]:
some amount of water molecules was injected to the hydrophobic region of
phospholipid bilayer and then in several nanoseconds, the bilayer-water system can

spontaneously develop into a water-filled pore structure without any mechanical and

11
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electrical forcing from outside, when the initial number of water molecules in the
hydrophobic region exceeds a critical value.

1.3.3 Parametric studies

Low delivery efficiency has always been one of the major issues of
ultrasound-mediated delivery. The solution requires a thorough consideration because
the complexity of an ultrasound-mediated delivery system comes from various
aspects. The ultrasound wave, even from a commercial diagnostic system, itself has
many parameters, such as intensity, the duration of exposure, and burst settings.
Influences from gas bubbles, such as type and concentration also need to be
considered. Since cavitation happens in liquids, the type of medium also counts. The
types of cells and tissues surely matter.

A number of studies have aimed at understanding the influence of parameters on
sonoporation efficiency and cell viability and also optimizing parameters for a proper
balance [44] [63] [64] [65] [66]. Similar results were found: with higher intensity and
larger total energy exerted higher delivery efficiency and lower cell viability were
expected. The relationship was not quite strict since plateau was found for almost
each parameter examined. An example of our previous results is shown in Figure 1.4
[34]. For the parameters studied, the overall trend for the data is that increases in
transfection efficiency are associated with decreased cell viability.

The criteria for a tradeoff between delivery efficiency and cell viability may
differ by the cases applied. But the most basic rule is that higher efficiency and higher
viability are preferred. Finding the optimized arrangement of parameters will not only
enhance therapeutic effects but also reduces side effects.

12
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Figure 1.4 An example of parametric studies on sonoporation efficiency and cell viability,
PRF stands for pulse repetition frequency [34]

1.4 Scope of this thesis

Studies to date have proved sonoporation-mediated delivery method has a bright
future as a targeted delivery tool, indicating further treatments for cancer, gene
therapy and several other difficult diseases. To accelerate its applying to clinical
process, more knowledge on sonoporation mechanism is needed, which will in turn
gives instructions on how to improve the delivery efficiency.

A sketch of the research topics of this dissertation is shown in Figure 1.5.
Towards higher delivery efficiency from sonoporation, experimental studies from two
sides were carried out. The overall aim is deeper understanding of sonoporation
mechanism and thus methods to improve sonoporation efficiency.

The first side deals with microbubble behavior. Understanding the oscillation
and collapse from artificially added agents as well as cavities in the medium is the
object of this part. Towards this end, bubble behavior under ultrasonic wave is studied
from two aspects: concentration change and cavitation noise. Concentration changes
indicate facts on bubble collapse while broadband noise analysis provides more facts
on both bubble oscillation and explosion from both artificially added bubbles and

cavities inside the medium.

13
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The second side deals with intracellular delivery in the presence of artificially
added microbubbles. Markers are delivered into cultured cell lines in vitro. Results of
delivery efficiency and cell viability are obtained for cells irradiated both in
attachment and suspension status.

What’s more, because the experimental conditions for the two sides of studies
are totally identical, the relationship between bubble behavior and intracellular
delivery results can then be correlated. So with mechanism understanding of
sonoporation from bubble radial motion, as the dissertation titled, experimental
arrangements for high sonoporation efficiency is achieved.

Ultrasound

Bubble oscillation and collapse
Chapter 2 and 3

Relationshiop between bubble dynamics
nd cell behavior; mechanism for sonoporation

Intracellular delivery of marker

Cells in both attachment and suspension status
Chapter 4

Microbubble

Shockwave
Jetting

Marker

Cells suspended in medium

Shear stress 5 Cells attached to bottom

Figure 1.5 Sonoporation studied in this dissertation, mainly two parts: bubble behavior
including concentration change and broadband noise, and cell behavior including marker
uptake and cell viability

14
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By chapters, chapter 1 is an introduction to the topic. It begins with backgrounds
such as targeted delivery and acoustic cavitation, proceeds with the conception of
sonoporation. Sonoporation related research is briefly reviewed, and finally ends with
a guide of this dissertation.

Chapter 2 and 3 are the experimental part on bubble behavior. Chapter 2 focuses
on the bubble concentration change during irradiation. It begins with an introduction
to bubble oscillation and collapse, proceeds with experimental methods and materials,
which are also partly used in chapter 3, and finally ends with the experimental results
and discussions. The results part includes the acoustic field measuring as well as the
microbubble concentration change during cavitation. Chapter 3 focuses on the
broadband noise from cavitating bubbles. It begins with an introduction to noise
spectra and frequency domain analysis of cavitation, proceeds with data collecting as
well as processing units and methods, and finally ends with the results and
discussions.

Chapter 4 is the experimental part on intracellular delivery, including an
introduction to materials and methods and results and discussions of both delivery
efficiency and cell viability and finally ending with the relationship between results
from bubbles and cells.

Chapter 5 concludes this dissertation and looks forward to future experimental
topics.

15






Chapter 2. Change of microbubble concentration during ultrasound exposure

Chapter 2.  Change of microbubble concentration during

ultrasound exposure

2.1 Introduction

2.1.1 Bubble oscillation and collapse

As described in Chapter 1, sonoporation process is highly cavitation related.
Cavitation typically begins with the formation of liquid-free zones, which is bubbles,
and ends with the implosion of these bubbles, so better understanding of bubble
dynamics is of vast importance to better comprehension and manipulation of
sonoporation. The phenomenon of acoustic cavitation was introduced in Chapter 1,
but cavitation was first noticed in hydrodynamic area, for example, flows through
Venturi nozzles. Hydrodynamic cavitation is cavitation in flowing liquids and
pressure change comes from the flow. The studies of bubble dynamics, including its
radial movements and final collapse, during cavitation dated back to the same time as
hydrodynamic cavitation was studied. The cavitation referred to in this thesis is
another type of cavitation: acoustic cavitation, which occurs in a static or nearly static
liquid [67]. The pressure change is artificially applied from an oscillating source.
Though having different sources of pressure change, the bubble behavior during both
two types of cavitation is much the same.

A typical life cycle of a cavitating bubble consists of three periods: inception,
oscillation and collapse [25]. Cavitation inception is not the topic of this chapter and
thus not discussed here. In an acoustic field matter is alternately subjected to pressure
and tension, so are bubbles formed. Behavior of bubbles under this alternate pressure
change is quite complicated, so to make it easier to understand here the discussion
begins from a single bubble case. The radial oscillation of a single bubble (Radius: R)
during a pressure field is governed by the Rayleigh-Plesset equation, originated by
Rayleigh in 1917 and developed by Plesset [68].
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RR4Z (R = fp—po— o — ok (21)
2 p

Where p; is the pressure in the gas at the bubble wall; p,, is the pressure at
infinity; o is the surface tension constant; and u is the coefficient of the liquid
viscosity.

Although Rayleigh-Plesset is a very simplified model, it can still reveal basic
facts of a bubble radial behavior under alternating pressure. In an acoustic field with
low intensity the bubbles response in a relatively mild way, which may appear to be
‘stable’. When bubbles expand and contract, without growing to the process of
implosion, the activity is so called stable cavitation, or non-inertial cavitation [69].
The counterpart of stable cavitation is transient cavitation, or inertial cavitation. The
most characteristic point of inertial cavitation is the violent collapse of the bubble
after growth and oscillation. The bubble undertakes several oscillations, expands to a
maximum size, and then rapidly collapses. Such collapse is a high-energy event and
can generate a wide range of destructive effects such as high pressure and
temperature, shock wave.

In experiments the real situation is that microbubbles with shells will behave
under the acoustic field. Such bubble motion is much more complicated. Various
works have showed how to add shell properties or other items to make the bubble
radial motion more accurate [70]. Here a modified model from Prof. Ferrara’s group
is briefly introduced and the detailed derivation should be found in reference [71].
With a conventional Rayleigh-Plesset style derivation, a shelled model is added and
the model is Equation 2.2. Where the shell is denoted by the subscript s and liquid is
denoted by I. The inner and outer of a shelled bubble are denoted by the subscript
number 1 and 2, respectively. T,,. and t are radial component of the stress tensor and
time respectively.
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For ideal isothermal gas behavior assumption (the agent is filled with a
high-molecular-weight perflurocarbon gas), denoting the equilibrium value with
subscript 0, there is

RlO 3K
P,(Ry,t) = Py (R—) (2-3)
1

Combining Equation 2-2 and 2-3 and using the appropriate boundary conditions,
a governing equation is obtained, expressed in terms of both the inner and outer radii.
Such a governing equation is then soluble according to different shell properties.

Gaussian or “almost Gaussian” weighted sound waves are used as driving sound
field. Figure 2.1 and 2.2 are simulation result from this model. Figure 2.1 shows the
radial oscillations of a 2.5 um radius agent with a 500 nm triacetin shell irradiate with
a seven-cycle pulse at 2.5 MHz, 1.6 MPa. Holding the other parameters fixed, except
for the shell thickness that is reduced to 5 nm, the subsequent agent response is
shown in Figure 2.2.

In Figure 2.1, the maximum radial amplitude is 2.3 times of the equilibrium
radius and the radial oscillation curve is relatively ‘smooth’. In Figure 2.2, the agent
reaches a normalized radial maximum of 3.2, after the maximum positive pressure of
the forcing pulse. The oscillation is more nonlinear with smaller secondary radial
growth and collapse follows from the maximum. The influence of shell property on
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bubble radial behavior is then obvious.
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Figure 2.1 The radial oscillations for a 2.5 um agent with a 500 nm triacetin shell driven at
1.6 MPa, 2.5 MHz [71]
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Figure 2.2 The radial oscillations for a 2.5 um agent with a 5 nm triacetin shell driven at 1.6
MPa, 2.5 MHz [71]
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Bubble behavior becomes much more complicated when it comes to the case of
a large amount of bubbles. The complexity comes from several aspects. The first one
is the distribution of bubble radius [72]. It is impossible that all the bubbles have the
same value of radius. Usually, a normal distribution or a distribution close to normal
IS expected. For a given driving frequency, diameters of some bubbles are close to the
resonant size while others are larger or smaller than resonant size. For a given
intensity, stable and inertial cavitation will happen simultaneously. As the bubbles
randomly suspend in the liquid, the degree of freedom and uncertainty of cavitation is
much larger than the case of a single bubble. The second one is the ultrasound
propagation in a bubbly liquid [73] [74]. When bubble population is large, the void
fraction of the medium through which sound wave propagates must be considered.
Scattering and reflecting of sound wave on gas-liquid boundaries make the prediction
of bubble behavior more difficult. The least but not the last one is the interaction
between bubbles. This is a very complicated topic even when there are only two or
three bubbles [75], and becomes extremely complicated for a large population of
bubbles [76].

One more factor that will add much complexity to bubble radial dynamics is
cavitation inception. Cavitation inception is a very complicated topic and till now
there are still much unknown about it. In our study artificially made bubbles with
lipid shells are used, but inception of cavities in the liquid is still important. The
existence of shelled bubbles will make the liquid easier to be torn out and also the gas
contained in the shelled bubbles will form new cavities after collapse. All these points
count for sonoporation process and will be studied.

Two aspects of bubble behavior are focused on in this dissertation: bubble
concentration change due to bubble collapse and broadband noise emitted during
cavitation. Here is this chapter; results of bubble concentration change are shown. No
matter how complicated oscillation bubbles experienced, the collapse of bubbles with
lipid shells will bring a drop to the total concentration since the lipid shell can’t repair
itself, captured by a laser beam experimentally.
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2.1.2 Ultrasound contrast agent (UCA)

Gas containing bubbles are artificially added to liquid in all the experiments
carried out in this thesis except for those control groups. The size of these gas-filled
bubbles is usually less than 10 micrometers so they are often called microbubbles.
Such microbubbles are originally developed for contrast in ultrasonography because
the echogenicity difference between the gas in the microbubbles and the soft tissue
surroundings of the body is immense. It is due to this echogenicity difference that
these microbubbles are defined as ultrasound contrast agent (UCA). The UCA applied

dTM

in this thesis is Sonazoi (Daiichi Sankyo), a commercially available product in

Japan.

Sonazoid™

consists of perfluorobutane gas (PFB, C4F1) microspheres stabilised
by a membrane of hydrogenated egg phosphatidyl serine (HEPS). It is formulated as a
powder for injection consisting of lyophilised sucrose entrapping HEPS stabilised
PFB microspheres under a PFB headspace. The microbubble suspension sample was
prepared according to the protocol provided by the manufacture by injecting 2 ml
pure distilled water into each bottle of powder and then shaking for one minute. The
stability of Sonazoid™ suspension solution after reconstitution is good, with no
significant changes in physicochemical properties 2 h after reconstitution [77]. After
preparation, a microscopic observation of microbubble solution is shown in Figure
2.3.

The microbubble diameters are no larger than 10 um and the diameters differ. As
mentioned before, the radius of microbubble is very important to its behavior in an
acoustic field. The detailed measuring of diameters provided by the manufacturer is

shown in following Figure 2.4.
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Figure 2.3 A microscopic view of Sonazoid™ suspension
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Figure 2.4 Number (open squares) and volume (filled squares) size distributions of

Sonazoid™ suspension, data from manufacturer, GE Health [77]
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The microsphere volume concentration in Sonazoid™ reconstituted product is
8.0 £ 0.6 pl. The spherical microspheres have a diameter typically ranged of 1 to 5
pm. The volume median diameter is 2.6 + 0.1 pum and the number mean diameter is
2.1+ 0.1 pum. Only less than 0.1% of the total number of microspheres has a diameter
larger than 7 pm.

Using high magnification microscopy, the count of bubbles is measured and its
relationship between bubble volume concentrations is given in the Table 2.1.

Table 2.1 Bubble volume concentration and density count

Volume concentration (v/v %) Count of bubbles/mm?
0 0
0.1 2.0x10°
1 1.4x10*
10 1.7x10°

In the most of our irradiation experiments, the volume concentration is chosen at
10%, corresponds to a density of 1.7x10°/mm?>.

2.1.3 Light absorbance and concentration

Most solutions absorb electromagnetic radiation of some wavelength. Light
absorption occurs when atoms or molecules take up the energy of a photon of light,
thereby reducing the transmission of light as it is passed through a sample. Apparently,
the proportion of the light absorbed will depend on how many molecules it interacts

with.
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Figure 2.5 Diagram of Beer—Lambert absorption

Let’s consider the case of a beam of light travels through a cuvette of width | in
which the sample is contained, as shown in the Figure 2.5 [78]. In our experiments,
the transmitted light is captured on the same light path as incident light, so light
captured may come from two sources: single scattering and multi scattering.

For the case of single scattering, absorbance of light A for liquids is defined as:

A=_10g101/10 (2‘4)

where I, and [ are the intensity (or power) of the incident light and the
transmitted light, respectively. 1/, is also called the transmission (or transmissivity)
of light.

Beer—-Lambert law states that there is a logarithmic dependence between the
transmission, T, of light through a substance and the product of the absorption
coefficient of the substance, a, and the distance the light travels through the material
(i.e., the path length), I. The absorption coefficient can, in turn, be written as a
product of either a molar absorptivity (extinction coefficient) of the absorber, &, and
the molar concentration ¢ of absorbing species in the material [79]. For liquids, the
relations are written as:

[ —&le
T=E=10 (2-5)

This implies that the absorbance becomes linear with the concentration, which
corresponds very well with the measured points Figure 2.9 without adding multi
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scattering light item to the relationship. So in laser diode measuring the multi
scattering light is very weak and omitted.

lc
=_ 2-6
£=~ (2-6)

Thus, if the path length and the molar absorptivity are known and the absorbance
is measured, the concentration of the substance (or the number density of absorbers)
can be deduced.

2.2 Experimental materials and methods

2.2.1 Ultrasound exposure system

A schematic diagram of the US exposure apparatus is shown in Figure 2.6. The
system was comprised of two arbitrary waveform generators (model WF1974 and
WF1944A, labeled A) and B) in the figure, NF Corporation, Yokohama, Japan), a 50
dB gain radio frequency amplifier (325LA, E&I, Rochester, NY, labeled C)), an
oscilloscope (Wave Surfer 24 Xs-A, Lecroy, Chestnut Ridge, NY, labeled D)), and a
custom-designed, single piezoceramic element plane transducer (13.5 mm diameter,
Japan Probe, Yokohama, Japan, labeled E)) with a central frequency of 2 MHz.

One of the two synchronized signal from two channels of WF1974 is used for
the trigger of oscilloscope and the other one is used to trig another waveform
generator, WF1944A. Signal from WF1944A is the burst that will be amplified and
then drive the transducer to vibrate. The ultrasound signal and the trigger for
oscilloscope are then synchronized.

The E&I 325LA amplifier covers a frequency from 250 kHz to 150 MHz and its
max linear power output is 25 W. The transducer is specially designed to fit the
geometry of a commercial 24-well plate offered by BD Falcon (Bedford, MA, labeled
F), the fit is shown in G)). The dimensions of the 24-well plate are depicted by six
parameters, labeled from A to F. They are length, width, and height of the lid and
plate. The values are 129.28, 85.14, 10.08, 127.63, 85.47, and 20.19 mm, respectively.
The dimensions of a well, where the medium and bubbles are contained are shown in
the following Table 2.2.
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Data collecting devices

" PLATE

Figure 2.6 Diagram of ultrasound exposure system, all the pictures of instuments are
provided by their manufacturers except for E) and G)

Table 2.2 Dimensions of a single well in the 24-well plate

Parameter Value
Top internal diameter 16.30 mm
Bottom internal diamter 15.49 mm
Depth 17.98 mm
Bottom area 1.883 cm?
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The oscilloscope saves signals as measuring units. It has 4 channels and 200
MHz bandwidth. For each channel, the maximal sampling rate is 2.5 GS/s and
maximal save depth is 5 Mpts. The data saving frequency for a single channel is kept
at 25 Hz during all experiments but the sampling points of each datum differ

according to the experiment.

2.2.2 Burst wave and parameters

In almost all experiments, “burst” mode of ultrasound was applied. Since a 2
MHz transducer is used, the period of a cycle is 0.5 ps. A burst signal is composed of
a mark component and a space component (both components are quantified by the
number of cycles), as shown in Figure 2.7. The length of the mark component (also
called pulse duration) divided by the total length of the pulse (pulse repetition period)
is referred to as the duty ratio. The wave becomes continuous if there is only mark

component.

Mark (pulse duration)
- =

Space

Pulse repetition period

Figure 2.7 A chart of typical burst wave applied for most experimental cases

Variations in ultrasound intensity, pulse repetition frequency, pulse duration, and
microbubble volume concentration were tested. The intensity of ultrasound is
represented by the peak to peak acoustic pressure measured by a needle hydrophone.

A list of parameters and their ranges is shown in Table 2.3.
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Table 2.3 Parameters and ranges applied

Parameter Range
Intensity 0-1.2 MPa
PRF 50-50k Hz
Pulse duration 0-500 ps

2.2.3 Laser diode system

Laser diode system (670 nm, Beta-TX, Gwent, UK) was used to measure the
change in concentration of microbubbles during irradiation. The laser beam goes
through the 3-mm interval between transducer surface and well bottom surface and is
then received by a diode sensor connected to an oscilloscope controlled by Matlab™
software in a PC. A sinusoidal wave with 1.1 kHz frequency was used for modulation
to avoid noises. The laser emitting unit and the photo sensor are shown in the Figure
2.8.In (A), the left part is the laser unit and the right part is the diode unit.

As introduced the microbubble diameters are about 3 pm while the wavelength
of red laser is 670 nm so naturally the microbubbles with lipid shells will reflect and
scatter incident light. While cavity generated in the liquid are believed not to affect
the light path based on two facts. One is the living cycle of a vapor cavity is short. It
is difficult to capture any cavity information since the laser signal is modulated by a
1.1 kHz signal. The microbubbles can last for several seconds while the cavity may
just response to ultrasound wave in microsecond order. The second one is that the size
of cavity. Although there is no measured data, cavity is much smaller than
microbubble. In our experiments it is validated that there is no significant difference
between the transmitted light of two cases that only air contained in the well and
liquid without microbubbles in the well. So it is confirmed that the measuring results
from laser diode will only show information on microbubbles with lipid shells.
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Figure 2.8 Laser diode units used to measuring the voltage of transmitted light. (A) is a
photo of laser and diode unit, in which the left one is laser unit and the right one is diode
unit; (B) is a diagram showing the position of this laser diode system, the diameter of laser
beam is about 3 mm.
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The voltage of the signal captured by the oscilloscope represents the magnitude
of the transmitted light. Because the incident light is kept at the same, the voltage is
then linearly related to transmission and exponentially related to absorbance.

The oscilloscope saves the signals from diode at a frequency of 25 Hz. The
sampling frequency is set to be 500 kS/s and each datum contains 1 k sampling points,
corresponds to a time length of 2 ms. Since the modulation frequency is 1.1 kHz, each
saved datum contains 2 modulated cycles.

The saved data are processed by Matlab™. The peak to peak value of each saved
2 ms signal is averaged from 2 cycles contained in the signal. This peak to peak

voltage value is converted to concentration value according to the calibration curve.

2.2.4 Exposure protocols

Sonazoid™

is mixed to Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% v/v fetal bovine serum (FBS) and 1% v/v antibiotics
(Penicillin-Streptomycin and L-Glutamine) by pre-decided volume concentration (in
most cases, 10% microbubble). 0.8 ml of such mixture is injected to a well of 24-well
plate placed on a sheet of sound absorbing material. The transducer is then injected
into this well and ultrasound exposure begins. After irradiation, the mixture is drawn
out using a pipette and the well is rinsed with water for 2 times before next test.

For control groups, the medium contains no microbubbles but only 0.8 ml
DMEM medium. The exposure condition for each controlling case is identical as the

corresponding test case.

2.3 Results and discussions

2.3.1 Calibration of concentration and light absorption

The Beer-Lambert law indicates the linear relationship between absorbance and
concentration of an absorber of electromagnetic radiation. The calculation of the
coefficients related in the linear relationship is difficult and not necessary. Measuring
the absorbance of several solutions with known concentration can calibrate the linear

relationship between absorbance and concentration. The voltages correspond to a set
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of volume concentration of microbubbles (0, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10%)
were measured. The concentration-voltage dots plot is shown in Figure 2.9. The
coefficients in Beer-Lambert law are then decided and the relationship curve is also
drawn in the figure. All recorded voltage data can thus be converted to concentration
data according to this calibrated curve.

0.16
0.14
0.12

0.1

0.08

Bubble volume concentration

% 0.5 1 N 15
Peak to peak voltage (V)

Figure 2.9 Fit curve of bubble concentration and intensity of transmitted light. Red dots are
measured data with known concentration; blue curve is the fit curve calculated from
Beer-Lambert law.

2.3.2 Acoustic pressure

The pressure field of the transducer was measured with a needle hydrophone
(model 80-0.5-40, Imotec Messtechnik, Warendorf, Germany) at a fixed distance of 3
mm from the transducer surface; the distance between the transducer and the
well-bottom surface was also 3 mm. The pressure field (peak-to-peak value,
maximum value, minimum value) was recorded at 0.2 mm increments over a
15mmx15 mm surface perpendicular to the direction of beam propagation. The data
in Figure 3A was obtained when the function generator output was 100 mV
(peak-to-peak value). The measure acoustic pressure value is the peak positive value.
Since the distribution is not very uniform, the intensity value was averaged over the

circular transducer surface in all of the subsequent irradiation experiments.
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Furthermore, because the plastic bottoms of plates could absorb and reflect
incident waves, causing attenuation and reflection, and possibly forming a standing
wave, measurements were done to confirm such absorption. First, the acoustic field
was measured without plates and the hydrophone was placed 3 mm away from the
transducer surface, as shown in right one of Figure 2.10. Then the needle hydrophone
was positioned 3 mm away from plate bottom, which positioned between the needle
hydrophone and transducer surface (6 mm away from the transducer surface), shown
in the left one of Figure 2.10. The pressure field was recorded and shown in Figure
2.11. In Figure 2.11(B), the focus is the difference between two different situations;
the acoustic pressure was normalized by the maximum value in both 2 situations.
Since the difference in the sound fields of the two cases was negligible, neither

attenuation nor reflection was considered.

PTZ Transducer

3mm

24-well plate

Needle hydrophone

Figure 2.10 Hydrophone position for measuring ultrasound wave absorption and reflection
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Figure 2.11 Acoustic pressure field measured with needle hydrophone. (A) Hydrophone
placed 3 mm away from the transducer. The unit is Mega Pascal and the total area is
15mmx15 mm. (B) Hydrophone placed 6 mm away from the transducer. +: 24-well plate
positioned between the hydrophone and the transducer; —: no 24-well plate positioned

between the hydrophone and the transducer.
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2.3.3 Influence of intensity

The influence of acoustic intensity on microbubble concentration was tested.
The initial microbubble concentration is 0.1 (10% volume to volume, i.e. 0.08 ml
microbubble solution and 0.072 ml DMEM). The concentration change details of
microbubbles during irradiation of 8 intensities together with a control case were
shown in Figure 2.12. The other parameters were set as: the irradiation time is 60s;
PRF is 5 kHz and the pulse duration is 20 us. Figure 2.12 (A) was the concentration
change over time, (B) is the time took for each intensity case to reach a microbubble
concentration of 0.015 (1.5%), and (C) is the minimum concentration reached for
each intensity after 60 s irradiation.

There was slight drop of concentration in control case. Buoyancy and natural
dissolving may be the reason since the laser beam went through the lowest position of
the well. The bubble concentration did not reach 0.015 even after 60 s and the
minimum concentration was still very large (> 0.8). Beginning with an intensity of
0.1 MPa, ultrasound was applied. At 0.1 MPa, the bubble concentration behavior was
very similar to the case of control. The sound wave was too weak to cause any
physical changes to the medium as well as the bubbles inside the medium. At 0.2
MPa, although the minimum concentration after irradiation was still larger than 0.015,
indicating that majority of bubbles still existed after exposure, the microbubble
concentration drop was larger than the control and 0.1 MPa case. So at 0.2 MPa,
bubbles began to response to the compression and tension of sound wave and some
bubbles which were unstable due to its large size of structure defects collapsed after
exposure.

Starting from 0.3 an intensity of MPa, the bubble concentration change became
more obvious. At 0.3 MPa, it took more than 50 seconds for the bubble concentration
to reach 0.015 and the minimum concentration was about this value. The
concentration drop during all 60 seconds exposure was quite even. Most bubbles were
believed to oscillate and bubbles with radii around the resonant radius of the driving
sound wave experienced stronger oscillation that lead to collapse. Here in this chapter,
only the slow or quick drop of bubble concentration can be seen, the activities

underlying such concentration change will be shown in next chapter by noise
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emission. In this dissertation, this pattern of concentration change is defined as
oscillation dominant.

The concentration changes of microbubbles from 0.4 MPa were again,
dramatically different. At 0.4 MPa, the concentration dropped to 0.015 within less
than 10 seconds and the minimum concentration at the end of exposure was about
zero. The slope of the concentration change curve was very steep at the beginning 10
seconds and became almost horizontal after the sharp drop. Such change of
microbubble concentrations indicated quick and violent collapse of bubbles, which
will also be further proved with noise emission results in next chapter. The oscillation
of bubbles was highly nonlinear and within 10 seconds, the majority of bubbles
collapsed. Strong concomitant effects such as shock wave and high speed jetting were
then expected. In this dissertation, this pattern of concentration change is defined as
collapse dominant.

From 0.6 MPa to 1.2 MPa, the concentration changes were all similar to that of
0.4 MPa. The concentration dropped to 0.015 within less than 10 seconds and the
minimum concentration at the end of exposure was about zero. The larger the
intensity was, the less the time took for the concentration to reach 0.015. The slope of
the concentration change curve was very steep at the beginning 10 seconds and
became almost horizontal after the sharp drop. The larger the intensity was, the
steeper the curve was at the beginning seconds. Still, quick and violent collapse of the
majority of bubbles was believed to exist.

From 0.3 MPa, cavitation activities such as oscillating and collapse of bubbles
became obvious. However, even with clear evidence of cavitation, there was still a
great difference between 0.3 MPa case and 0.4 MPa case. To elucidate this difference,
minor intensity increments were tested between these two intensities and the result
were shown in Figure 2.13.

The concentration change of microbubbles at 0.32 MPa was quite close to that of
0.3 MPa in a not so steep way of concentration drop and over a long exposure time
covering almost all 60 seconds of irradiation, which is oscillation dominant. Change
of microbubbles at 0.38 MPa was more close to that of 0.4 MPa, as well as 0.45 MPa,

which is collapse dominant. The bubble concentration dropped to a very low value
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very quickly and then kept almost changeless. The concentration change patterns of
0.36 MPa and 0.38 MPa fell somehow between the former two. Such two different
bubble concentration change patterns were also proved by the time took to reach
0.015 concentrations and the minimum concentration after exposure, shown in Figure
2.13 (B) and (C).

It is believed here that there is a cavitation pattern shift of cavitation, from
oscillation dominant to collapse dominant, between these two intensities. When
acoustic intensity increases from 0.3 MPa to 0.4 MPa, the cavitation changes from an
oscillating dominant type to a collapse dominant type. Such cavitation pattern shift
will be further validated in next chapter.
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Figure 2.12 (A) Effects of ultrasound intensity on the microbubble concentration; (B) the
time took for the microbubble to reach a concentration of 0.015; and (C) the minimum
concentration of microbubbles during exposure. No ultrasound was applied in the case of
control. The irradiation time is 60s; PRF is 5 kHz and the pulse duration is 20 ps. The data in
(B) and (C) are averaged from three independent replicates and shown as the mean +
standard deviation.
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Figure 2.13( A) Effects of ultrasound intensity on the microbubble concentration with small
intensity increments; (B) the time took for the microbubble to reach a concentration of
0.015; and (C) the minimum concentration of microbubbles during exposure. No ultrasound
was applied in the case of control. The irradiation time is 60s; PRF is 5 kHz and the pulse
duration is 20 us. The data in (B) and (C) are averaged from three independent replicates
and shown as the mean + standard deviation.
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2.3.4 Influence of pulse duration

The influence of pulse duration on microbubble concentration was tested at two
different PRFs. The initial microbubble concentration is 0.1 (10% volume to volume).
The concentration change details of microbubbles during irradiation of 4 pulse
durations at 5 kHz PRF were shown in Figure 2.14. The other parameters were set as:
the acoustic intensity is 0.8 MPa and the irradiation time is 60 s. At 5 kHz RPF, pulse
durations of 5, 10, 20, and 50 ps correspond to duty ratios of 2.5, 5, 10, and 25%.

Overall, in all the cases the bubble concentration dropped very steeply. Within 8
seconds, the concentration reached or went even lower than 0.015, and the minimum
concentration after exposure for all cases were around zero. With longer pulse
duration, bubbles concentration dropped more quickly. It also took less time for
bubble concentration to reach 0.015 with longer pulse duration. The minimum
concentrations after exposure for all pulse durations were smaller with longer pulse
duration, though the difference was minor since all these values are very small and
close to zero.

The concentration change details of microbubbles during irradiation of 6 pulse
durations at 500 Hz PRF were shown in Figure 2.15. The other parameters were set
as: the acoustic intensity is 0.8 MPa; the irradiation time is 60 s; and the initial
microbubble concentration is 0.1 (10% volume to volume). At 500 Hz RPF, pulse
durations of 5, 10, 20, 50, 200, and 500 s correspond to duty ratios of 0.25, 0.5, 1,
2.5, 10, and 25%.

At 5 s pulse duration, it took more than 15 seconds for the bubble concentration
to reach 0.015 and the minimum concentration did not reach 0.015. The concentration
drop during all 60 seconds exposure was quite even. Then the bubble behavior did not
present a collapse dominated way. Most bubbles were believed to oscillate and
bubbles with radii around the resonant radius of the driving sound wave experienced
stronger oscillation that lead to collapse. From 50 us, the bubble concentration
dropped to a very low value very quickly and then kept almost changeless. Within 7
seconds, the concentration reached or went even lower than 0.015, and the minimum
concentration after exposure for all cases were around zero. The case of 10 and 20 ps
were close to the cases after 50 ps. But the bubble concentration dropped to a very
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low value relatively slowly and then kept almost changeless. It took longer time for
these bubble concentrations in these two cases to reach to 0.015, or a value slightly
larger than 0.015. Similarly, with longer pulse duration, bubbles concentration
dropped more quickly. It also took less time for bubble concentration to reach 0.015
with longer pulse duration. The minimum concentrations after exposure for all pulse
durations were smaller with longer pulse duration, though the difference was minor
since all these values are very small and close to zero. With a lower PRF, the
cavitation may not be collapse dominant when the pulse duration is too short even
with an intensity of 0.8 MPa because there is not sufficient total energy.
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Figure 2.14 (A) Effects of pulse duration on the microbubble concentration, the data after 25
seconds were not shown; (B) the time took for the microbubble to reach a concentration of
0.015; and (C) the minimum concentration of microbubbles during exposure. The acoustic
intensity is 0.8 MPa; PRF is 5 kHz and the irradiation time is 60 s. The data in (B) and (C)

are averaged from three independent replicates and shown as the mean + standard deviation.
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Figure 2.15 (A) Effects of pulse duration on the microbubble concentration with smaller
PRF; (B) the time took for the microbubble to reach a concentration of 0.015; and (C) the
minimum concentration of microbubbles during exposure. The acoustic intensity is 0.8 MPa;
PRF is 5 kHz and the irradiation time is 60 s. The data in (B) and (C) are averaged from
three independent replicates and shown as the mean +/- standard deviation.
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Obviously changes in pulse length result in changing in the rest time of the wave.
Here in the 2 series, with the same pulse length, the rest time are different as two
series have different PRF values. To understand whether the pulse length or rest time
counts for the bubble concentration change, a pulse scale comparison was carried out.
Take the 5 ps case for example, the case with 5 kHz PRF will have ten times totaled
number of wave pulses of the case with 500 Hz PRF. If the first 6 seconds of 5 kHz is
picked out, the total number of waves will then be the same with the case with 500 Hz
PRF during all 60 seconds irradiation. The comparison is then made based on the
same total number of ultrasonic waves of 4 different pulse durations at 2 different
PRFs, shown in Figure 2.16. The horizontal axis is scaled time. For the groups with
longer rest time, the axis is the real time. But for the groups with shorter rest time, the
axis is an enlarged and pulse scaled time, in other words, the 6 seconds real time is
divided into 60 equal parts.

It is found that at 5 ps pulse duration, the difference in rest time causes
difference in bubble concentration change: the case with shorter rest time has quicker
bubble concentration loss. Beginning from 10 ps, there is no difference from rest time,
even for the case of 50 ps pulse duration where the rest time multiplies by 13 times
for two different PRFs. The reason is that during 5 ps ultrasound wave irradiation, the
contrast agent may be still oscillating and the wave is not long enough to collapse the
bubbles. The coming 5 ps irradiation will continue to act on the same bubbles so
there is a gain like pattern of bubble behavior. While for pulse duration no shorter
than 10 ps, the bubbles collapsed during one cycle. The next cycle will have no effect
and only act on new bubbles. As a result, for bubbles, there is no memory of former
pulse shot. Thus the difference from rest time is not found.

Then it is concluded that the bubble concentration loss comes from effect of
pulse duration rather than rest time. What’s more, as discussed, beginning from
certain pulse duration, the bubble concentration loss pattern becomes the same which
is quick collapse dominant. So for contrast agent, the influence from pulse duration is
not as strong as that from intensity.
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Figure 2.16 Pulse number scaled concentration change from different pulse lengths. The
details of the waves are shown by the legend with ps unit. The acoustic intensity is 0.8 MPa;
the duty cycle is kept at 10%; and the irradiation time is 60 s.

2.3.5 Influence of PRF

Burst settings, as introduced in Part 2.2.2, including pulse duration and pulse
repetition frequency (PRF). Different burst settings have different total ‘on’ time of
ultrasound and thus have different total energy.

The influence of PRF on microbubble concentration was tested. The initial
microbubble concentration is 0.1 (10% volume to volume). The concentration change
details of microbubbles during irradiation of 8 PRF values together with continuous
wave case were shown in Figure 2.17. The other parameters were set as: the acoustic
intensity is 0.8 MPa; the duty cycle is kept at 10%; and the irradiation time is 60 s
except for the continuous case where the irradiation time is 20 s.

Overall, in all the cases the bubble concentration dropped very steeply. At an
intensity of 0.8 MPa and 10% of duty ratio, in all cases within 4 seconds the
concentration reached or went even lower than 0.015, and the minimum concentration
after exposure for all cases were around zero. The difference between different PRFs
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was not distinct, although as PRF decreased the concentration slightly dropped more
quickly. So for all the PRF cases tested, violent collapse was here believed to be the
dominant behavior. The majority of bubbles collapsed very quickly and fiercely. The
further details of the influence of PRF on bubble radial dynamics will be discussed by
their noise emission results.
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Figure 2.17 (A) Effects of PRF on the microbubble concentration, the data after 20 seconds
were not shown; (B) the time took for the microbubble to reach a concentration of 0.015;
and (C) the minimum concentration of microbubbles during exposure. The acoustic intensity
is 0.8 MPa; the duty cycle is kept at 10%; and the irradiation time is 60 s. The data in (B)
and (C) are averaged from three independent replicates and shown as the mean + standard
deviation.
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24  Summary

Sonoporation is highly cavitation related so the study on sonoporation begins

with bubble behavior in this dissertation. An ultrasound exposure system with full

control over parameters was used to irradiate sound wave to microbubble containing

liquid in a 24-well commercial plate. Using a laser diode unit, the concentration of

microbubbles was measured during various exposure conditions. The influences of

ultrasonic parameters, including intensity and burst settings, on change of

microbubble concentration during irradiation were studied. The following

conclusions are made:

The plastic plate does not affect the propagation of sound wave.
Reflection and absorption of waves from the plate are negligible for the
following experiments. The planar distribution shows that the
distribution of sound wave is not very uniform and the intensity for

experiments is averaged value.

There are two different patterns of bubble concentration change during
irradiation: oscillation dominant and collapse dominant. For intensities
less than 0.3 MPa, the bubble behavior is oscillation dominant; for
intensities larger than 0.4 MPa, the bubble behavior is collapse dominant.
There is a pattern shift of bubble behavior between these two intensities.

For oscillation dominant bubble behavior, bubble oscillation and collapse
coexist during all irradiation time while for collapse dominant bubble
behavior, microbubble collapsed to a concentration near zero with in less
than half of the irradiation time, differing from the settings.

The influence of total energy related parameters are clear. With larger
intensity and longer pulse duration, bubbles concentration dropped more
quickly and the final concentration is smaller. With pulse duration
changing, the influence from rest time is not obvious.
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e With pulse durations no shorter than 10 ps, pulse duration rather than the
rest time is the leading factor in a burst for its influence on bubble
behavior.

e The influence of PRF on bubble concentration change is not as straight
as intensities. With longer pulse duration, bubbles concentration dropped
slightly more quickly.

e With 0.8 MPa acoustic intensity, all the burst setting cases tested present
collapse dominant bubble behavior, which here means that the bubble
concentration drops to less than 0.015 within less than 10 seconds, except
for only one case with short pulse duration (5 us, PRF=500 Hz).
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Chapter 3. Bubble behavior analysis from cavitation noise

The oscillation and collapse of microbubbles are introduced. Chapter 2 deals
with the concentration change of microbubbles due to the collapse while this chapter
focuses on the signals emitted while bubbles experience radial oscillation and violent
collapse, aim at deeper understanding of the cavitation process and its relationship to
further delivery process. With such understanding and summarizing the results
together with that obtained in Chapter 2, bubble behavior with experiment settings for
sonoporation delivery is summarized here .

3.1 Cavitation noise

3.1.1 Broadband noise source

As a bubble oscillates, itself becomes a sound source and emits sound waves.
Such signals can be recorded and analyzed to obtain information on bubble radial
dynamics. This tool is very effective since no matter what type of cavitation is
bubbles experience radial oscillation or collapse. As shown in Figure 2.1 and Figure
2.2, the radial oscillation as well as the violent collapse of microbubbles will emit
sound signals. A source list of emitted signals is shown in Figure 3.1 [80]. Bubble
oscillation may show different patterns with different nonlinearity, which results a
difference in emitted signal.

If the driven power is low, then the bubble simply pulsates in an approximately
linear manner and the emitted signal is simply at the insonation frequency. However,
the spectrum of the acoustic signal generated by bubbles cavitating in more powerful
acoustic fields may contain broadband signals. Such type of emitted signal is often
called broadband cavitation noise. An example of such broadband emission is shown
in Figure 3.2 [81]. The driving frequency is 1 MHz, driving amplitude is 0.1 MPa,
and the initial radius is 1.7 um. The upper one shows a typical nonlinear bubble
radius oscillation curve, and due to the oscillation the bubble in turn becomes a sound
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source and emits signals, shown in the middle one. Changing the signals in the
middle one from time domain to frequency domain, oscillation characteristics is
shown in the lower one. Many frequency peaks can be seen since the oscillation is
highly nonlinear. Such peak dotted spectrum represents harmonics, subharmonics and
ultraharmonics of the insonation frequency [82]. A typical acoustic emission spectrum
consists of peaks at specific frequencies that are harmonics or subharmonics of the
driving ultrasound frequency, and broadband noise that spans the full frequency

domain.
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Figure 3.1 Sources of acoustic emission [80]
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Figure 3.2 An example of broadband noise [81]. The upper one is the radius time curve, the
middle one is the corresponding emitted sound signal due to the radial oscillation, and the
lower one is the frequency domain characteristics of the signals.

3.1.2 Noise spectrum

Identifying the relationship between these emissions and cavitation dynamics are
usually discussed separately based on whether the cavitation is stable or inertial, in
other words, whether the bubbles keep oscillating or collapse, though realistically
these two types often entangle with each other. In our research since direct measuring
of bubble radius is not possible, they details of cavitation will be revealed by the

analysis on the acoustic emissions during cavitation process.
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Frequencies of both the harmonic (nf) and ultraharmonic ((2n+1)f/2) of the
fundamental driving frequency ‘f” are generally believed to be related to stable
cavitation; while frequencies of the subharmonic (f/n) and frequencies over a large
range, in other words, broadband signals are somehow related to inertial cavitation
[80] [82]. It is suggested that the broadband noise arises due to the emissions from
rapidly changing bubble radii, whereas the subharmonic emissions originate from the
prolonged expansion phase and a delayed collapse of oscillating bubbles. Both types
of emissions have been reported in the case of transient cavitation, but there is
growing support for using broadband noise as an indication of the onset of violent
collapse in cavitation [83] [84] [85]. Here in this study, a frequency interval excluding
any subharmonics or ultraharmonics is chosen to indicate details of inertial cavitation.

As the oscillation goes more nonlinear, the frequency domain becomes more
complicated since half or even quarter of the frequencies will come out [86]. To make
this total harmonics analysis easier to understand, Lauterborn gave a plot method
showing the so called ‘visible noise’ [87], as shown in Figure 3.3. As intensity
increased, the noise signal spectrum covered large range of frequencies. In other
words, the spectrum changed from a peak lined style to a broadband style. The
frequencies evolving process over other parameters, such as intensity, can be shown
over time. Such evolving plot gives information on cavitation type transition as well
as influences from parameters on cavitation. To understand more on cavitation and
influences from parameters, similar plots are shown in this thesis.
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Figure 3.3 An example plot of ‘visible noise’ [87]

3.1.3 Two ‘phases’ of cavitation

As introduced in Chapter 2, gas bubbles with shell are added in all experiments.
The collapse of these shelled bubbles resulted in the concentration drop, which is
recorded by the laser diode method. However; even after the majority of shelled
bubbles had collapsed, cavitation activities are still to be expected since there are
cavities inside the medium. Here these two different phenomena are defined as two
‘phases’ of cavitation: shelled bubble cavitation phase and cavity cavitation phase.
The latter escapes from the laser diode measuring and its details are analyzed with
noise spectrum in this chapter.

The two ‘phases’ are discussed separately because the bubble oscillation and
collapse behavior are different. Surface tension is a fundamental property of a fluid
interface between gas and liquid phases. A newly formed cavity without
encapsulation will dissolve spontaneously and nearly instantaneously as a
consequence of surface tension at the gas-liquid interface. While to make a contrast
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agent stable during circulation, the microbubble shell must be solid to eliminate
surface tension and impart a significant permeation resistance.

Acrtificially added microbubbles no longer exist, or drop to a negligible
concentration after violent collapse. The situation of cavities without shells is more
complicated. Cavities may come into being during the rarefaction phase of the
pressure wave. The collapse of shelled bubbles can also result in fragmentation of the
bubble into smaller bubbles and/or dissolution of the encapsulated gas.

The details of difference between these two ‘phases’ are reviewed by Klibanov
[88] and Ferrara [89]. In this chapter the focus is to prove the existence of such
difference and correlates it to future different cell behavior.

No matter what analyzing methods are adopted, cavitation noises are studied
here to relate the biological effects of ultrasound to both subharmonic and broadband
emissions. Relationships between broadband noise levels and biological effects were
discussed and correlation was proved [90] [91]. The cavitation noise results here
discussed in our study will also be compared later to the intracellular delivery
behavior of cells.

In this chapter, broadband noise were captured with the exact experimental
conditions as done in Chapter 2 in order to obtain knowledge of bubble oscillations
before or on the collapse process. Strong broadband signals emitted during collapse
also give explanations to the collapse of artificially added contrast agents as well as
cavities inside the medium.

3.2  Experimental methods

3.2.1 Data collecting unit

The exposure system is the same as introduced in part 2.2.1. To record the
cavitation noise, the 24-well is partly immersed to water in a tank, and a focused
hydrophone is placed near the transducer to collect signals, as indicated in Figure 4.
The water inside the tank is degassed for more than 4 hours before experiment and a
water bath unit keeps the temperature at 37 °C.

The focused hydrophone is customized by ELEMECH Electronics (Niigata,
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Japan). Its central frequency is 2 MHz and responds flatly to a frequency range from
100 kHz to 10 MHz. The vibrating part is a PVDF membrane and the radius is 50 mm.
The focal length is 45 mm. Signals from this hydrophone is amplified by an AG-2010
amplifier (ONDA, Seattle, WA) and then connected to the oscilloscope where these
signals are saved, as shown in Figure 3.4. The hydrophone and the transducer are
aligned in such a way that the highest points of the piezo material of the transducer
and the PVDF membrane of the hydrophone are at the same height, and that the
distance between two center points is the focus length of the focused hydrophone,
which is, 45 mm.

The frequency of data saving to oscilloscope is 25 Hz. The sampling frequency
is set to be 20 MS/s and each datum contains 1 k sampling points, corresponds to a
time length of 50 ps.
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(©)

Figure 3.4 Experimental setup for cavitation noise recording system. (A) is the diagram plot;
(B) is a photo of the system; and (C) is a photo of focused PVDF hydrophone and
preamplifier, in which the lower unit is the focused hydrophone, the middle unit is the
preamplifier, and the upper unit is the power supply for the preamplifier.
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3.2.2 Data processing

For each datum, the sampling frequency is 20 MHz and each datum has a time
length of 50 ps. The data is saving at 25 data per second. When pulse duration is 20
ps and PRF is 5 kHz, the datum contains the full mark part of the burst cycle for
almost all cases, shown in Figure 3.5, A typical time domain signal shown in Figure
3.5 (A) which is recorded by the focal hydrophone and saved by the oscilloscope is
then transformed to frequency domain by a FFT operation in Matlab™. Since the
sampling frequency is 20 MHz, the frequency domain includes a range from 0 to 20
MHz. Dividing this range by the total number of sampling points, so the frequency
increment is 20 kHz. Here the driving frequency is 2 MHz, any frequencies larger
than 10 MHz are out of interest as they reveal little on bubble radial movements, and
then here a frequency domain plot within 10 MHz is shown in Figure 3.5 (B).

Figure 3.5 (B) shows a typical frequency domain pattern. The scattering of the
driving ultrasound signal makes the driving frequency, 2 MHz, the highest peak. To
obtain more information of harmonics as well as broadband noise signals, limited
magnitude of frequencies is also applied, indicated by the horizontal line. For
example, here in Figure 3.5 (B) the maximum power value is 12.95 and in most cases
a range of power less than 0.6 is shown.

Representative frequency values as well as intervals of frequencies are then
chosen to show cavitation details. For example, harmonics frequencies such as 2, 4,
and 6 MHz, intervals such as 0 to 1 MHz, and 2 to 3 MHz are plotted. For intervals
there are 50 frequency values inside this interval and the averaged power magnitude
is calculated. This averaged value represents the cavitation noise level for the very
interval chosen. In 60 s irradiation, a total number of 1500 data were obtained for one
case and the spectrum covers from 0 to 20 MHz. In some cases the data were
averaged over time while in some other cases, the data were averaged over the

frequency range.
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Figure 3.5 Noise spectrum processing method. The time domain signal (A) is obtained and
then transformed to frequency domain in (B).
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3.2.3 Irradiation protocols

For tested group, Sonazoid™

(DMEM) supplemented with 10% v/v fetal bovine serum (FBS) and 1% v/v

antibiotics (Penicillin-Streptomycin and L-Glutamine) by pre-decided volume

is mixed to Dulbecco’s modified Eagle’s medium

concentration (in most cases, 10% microbubble). 0.8 ml of such mixture is injected to
a well of 24-well plate placed on a sheet of sound absorbing material. The transducer
is then injected into this well and ultrasound exposure begins. After irradiation, the
mixture is drawn out using a pipette and the well is rinsed with water for 2 times
before next test.

For control groups, the medium contains no microbubbles but only 0.8 ml
DMEM medium. The exposure condition for each controlling case is identical as the
corresponding test case.

Totally 23 experiment conditions were carried out for both control and test
groups. The irradiation time for all cases is 60 seconds and the other details of each
condition are shown in Table 3.1. Case 1 to case 8 together are defined as the
intensity series; case 9 to case 15 together are defined as PRF series; case 16 to case
18 together are defined as pulse duration series at 5 kHz PRF; and case 19 to case 23
together are defined as pulse duration series at 500 Hz PRF.
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Table 3.1 Experiment conditions

Case number  Intensity (MPa)  PRF (kHz) Pulse duration (us)  Space (s) Duty ratio (%)

1 0.1 5 20 180 10
2 0.2 5 20 180 10
3 0.3 5 20 180 10
4 0.4 5 20 180 10
5 0.6 5 20 180 10
6 0.8 5 20 180 10
7 1.0 5 20 180 10
8 1.2 5 20 180 10
9 0.8 50 2 8 10
10 0.8 20 5 45 10
11 0.8 10 10 90 10
12 0.8 2 50 450 10
13 0.8 1 100 900 10
14 0.8 0.5 200 1800 10
15 0.8 0.05 2000 18000 10
16 0.8 5 5 195 2.5
17 0.8 5 10 190 5
18 0.8 5 50 150 25
19 0.8 0.5 5 1995 0.25
20 0.8 0.5 10 1990 0.5
21 0.8 0.5 20 1980 1
22 0.8 0.5 50 1950 2.5
23 0.8 0.5 500 1500 25

67



Chapter 3. Bubble behavior analysis from cavitation noise

3.3 Results and discussions

3.3.1 Visible noise

The sources of emission may be oscillation and collapse of shelled bubbles as
well as cavities. Since the horizontal axis is time which covers a full range of
irradiation, the contour provides information of evolvement of the frequency
spectrum. As introduced, collapse is a temporal behavior lasting for only a short time
while oscillation can last for longer time, or even over all the 60 s. To identify
different sources of emission, in other words, different bubble behaviors, the spectra
of both control and tested results for a single case are shown in Figure 3.6 and 3.7, by
putting all the 1500 time steps’ noise spectrum together. The experimental settings for
the case shown are: case 15, 0.8 MPa intensity, 0.05 kHz PRF, and 10% duty ratio.

Figure 3.6 shows contour plots for control and tested cases while Figure 3.7
shows the value of frequency powers averaged over frequency intervals. To capture
more details of spectra, the range of power magnitude in contour plot in Figure 3.6
does not include all the whole value range. In both Figure 3.6 (A) and Figure 3.7 (A),
three broadband peaks around 1, 14, and 42 second are temporal, in other words, the
broadband frequency power value increases and then decreases and after the peak the
frequency power values restore after several seconds. Such pattern of change in
frequency power shows that collapse of cavity happened in control case, without
adding any contrast agents. Horizontally stable signals, such as strong signals around
3 MHz and 6 MHz last over all the 60 seconds, showing that oscillation of cavity also
happened.

Adding of contrast agents brings large difference to noise spectra. The two later
peaks appeared in both Figure 3.6 (A) and Figure 3.7 (A) disappeared after adding
microbubbles into the medium, shown by Figure 3.6 (B) and Figure 3.7 (B). A peak
appeared within the first 2 seconds. In Chapter 2, it has been shown that the bubble
concentration drops to nearly zero within 2 seconds. So here the collapse signal in
Figure 3.6 (B) also proves that the concentration drops measured by the laser diode
unit in Chapter 2 are due to the collapse of bubbles. What’s more, strong horizontally
stable signals at more frequency values appear with microbubbles added, indicating
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that stronger oscillation even with extremely low bubble concentration compared to
control case.

For tested case, as shown by laser diode results, almost all of the bubbles
collapsed after 2 seconds. However, there are dramatic differences between (A) and
(B) in both Figure 3.6 and Figure 3.7 during 2 and 60 seconds. So the fact of adding
microbubbles will influence bubble radial dynamics not only when they are in the
medium but also after they have collapsed. Such influence may come from two
factors. The first one is the collapse of shelled microbubbles will emit the gas
contained within the shell, which will serve as new cavitation nuclei, making
oscillation or collapse of cavity easier to happen. The other one is that debris of
collapsed lipid shells will add impurity to the medium, which may also serve as
nuclei.

One more thing shown in both Figure 3.7 (A) and Figure 3.7 (B) is that the
majority of emitted signals fall into the frequency interval of 1.5 to 2.5 MHz. This
frequency interval is chosen to compare emission levels between different cases in the
follows sections.
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Figure 3.6 Cavitation noise spectrum contour of case 15 over the whole irradiation time. (A):

control case without microbubbles; (B): tested case. The irradiation time is 60s; PRF is 0.05

kHz and the duty ratio is 10%. Color bar is the value of the power of frequencies after FFT
with limited value range.
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Figure 3.7 Averaged emission level of case 15 over the whole irradiation time. (A): control
case without microbubbles; (B): tested case. The value of frequency power is averaged value
over a frequency interval, indicating by the legend. The irradiation time is 60s; PRF is 0.05
kHz and the duty ratio is 10%.
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3.3.2 Parametric influence on noise emission

Part 3.3.1 shows the noise spectra for a single case during whole irradiation time
of 60 seconds. As listed in Table 3.1, there are total 23 cases tested, divided into 3
different series. The details of results are shown and discussed series by series in the
following sections.

3.3.2.1 Intensity series

In intensity series, 8 intensities from 0.1 MPa to 1.2 MPa were tested. The PRF
is 5 kHz, the duty ratio is 10%, and the irradiation time is 60 seconds. At 0.1 MPa of
intensity, no bubble activities are found by laser diode results. So here beginning from
0.2 MPa, noise spectra for 7 tested cases are shown in Figure 3.8.

Figure 3.8 (A) and Figure 3.8 (B) are contour plots of all 7 intensities, where
Figure 3.8 (A) shows the first 10 seconds, i.e. from 0 to 10 seconds and Figure 3.8
(B) shows the third 10 seconds, i.e. from 30 to 40 seconds. Figure 3.8 (C) shows
averaged emission level of 7 intensities represented by the interval of 1.5 to 2.5 MHz
over all the 60 seconds irradiation time. Figure 3.8 (D) shows the frequency
magnitude of 5 selected intensities, from 0 to 10 MHz, averaged over all the 60
seconds irradiation time.

In Figure 3.8 (A) during the first 10 seconds, no clear emission signals of either
collapse of oscillation are captured in 0.2 MPa and 0.3 MPa cases. Beginning from
0.4 MPa, emission signals become apparent: from 6 second weak collapse signals and
harmonics at 2f, and 3 fy (fp is the driving frequency, i.e. 2 MHz) can be found.
Beginning from 0.6 MPa, peaks of broadband frequency due to collapse, as well as
horizontally stable frequencies of harmonics due to oscillation become clear.
Ultraharmonic signals at 3/2 f, appear and then disappear from 1.0 MPa. Beginning
from 1.0 MPa, the emissions become much broadband like, especially under the
frequency of 4 MHz.

In Figure 3.8 (B), beginning from 0.4 MPa, horizontally stable frequency signals
due to oscillation dominate the spectra. Similarly, ultraharmonic signals at 3/2 f, are
apparent at only 0.6 MPa and 0.8 MPa. Beginning from 1.0 MPa, the emissions
become much broadband like, especially under the frequency of 3 MHz. Under the
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intensity of 1.0 MPa, there are only horizontal stable style emissions indicating that
cavities are oscillating. Beginning from 1.0 MPa, the noise like broadband signals
appear together with horizontally stable emissions, though with weak values, showing
the happening of weak collapse of cavities.

As introduced in Figure 3.7, the main emission of noise falls into the frequency
interval of 1.5 MHz to 2.5 MHz. In Figure 3.8 (C), the emission level increases as
intensity increases only that the emission level of 1.2 MPa is smaller than that of 1.0
MPa. From 1.0 MPa, after 10 seconds, the emission curve is more jigsaws like, in
other words, there are alternating increases and decreases.

In Figure 3.8 (D), both harmonic and ultraharmonic signals become much larger
when intensity increases from 0.3 MPa to 0.4 MPa or larger. From 0.4 MPa, the the
changes of harmonic signals at the frequencies of 2f,, 3fy, and 4 f, are not significant
while ultraharmonic signals or broadband signals between harmonic frequencies

increase as intensity increases.
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Figure 3.8 Influence of intensity on cavitation noise, (A) frequency contour during the first
10 seconds of irradiation; (B): frequency contour during the 3rd 10 seconds (from 30 to 40
second) of irradiation; (C): the noise emissions averaged over frequency interval of 1.5 to
2.5 MHz; (D): the noise emission spectra averaged over 30 to 40 second. The irradiation
time is 60s; PRF is 5 kHz and the duty ratio is 10%. Color bar is the value of the power of
frequencies after FFT with limited value range.
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To discuss the influence of intensity on bubble behavior, the results from laser
diode measuring will also be used.

Firstly, the difference between 0.3 MPa and 0.4 MPa is confirmed that shelled
bubble changes from weak oscillation dominant to collapse dominant. For 0.2 MPa
case and 0.3 MPa case, former threshold research has shown that the microbubble
will begin to response with oscillations [92]. The results measured by laser diode
have shown that at 0.3 MPa it takes more than 50 seconds for the bubble
concentration to reach 1.5% while at 0.4 MPa the value is less than 10 seconds. Here
in Figure 3.8 (A) and (B) the noise recorded at 0.3 MPa have only a peak frequency at
driving frequency during both the first and third 10 seconds while the noise at 0.4
MPa show both collapse and oscillation behavior. The huge noise level difference
between 0.3 MPa and 0.4 MPa in Figure 3.8 (C) also proves the change from weak
oscillation dominant to collapse dominant.

Secondly, the intensity of collapse of shelled bubbles increases as intensity
increases from 0.4 MPa. Beginning from 0.4 MPa, the concentrations of contrast
agents drop to 1.5% within 10 seconds in all the cases. It has been prove that dramatic
change of emission level comes from collapse behavior. In Figure 3.8 (C), it can be
found that when intensity is above 0.4 MPa there are peaks of emission levels. While
in Figure 2.12 (A), there are also extremely sharp drops of concentration. Since the
sharp drop of bubble concentration comes from collapse, high level emission is
expected. If the time when sharp drop of bubble concentration is labeled, then we can
find the emission level peaks around this time. Such a peak of emission level can be
used to evaluate the intensity of collapse process. The collapse behavior can be
evaluated by the time it takes for bubbles or cavities collapse and the mount of
emission during collapse. In other words, the quick the collapse is and the larger the
emission is, the more violent the collapse is. Since the intensity of collapse mainly
reveal itself by the quickness of collapse and the value of peak emission signal, to
examine the difference in intensity of the collapse process, here a comparison
between the collapse times as well as the peak emission signal value is done. In the
first 10 seconds, the peaks of emission signals are the highest values of the emission
while the emission level is still increasing sharply compared to afterwards, as
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indicated by circles in Figure 3.9. The x coordinate value is the time it took to reach
the peak emission level, the y coordinate value is the emission level value of the peak,
and the values are compared in Table 3.2. As intensity increases, it takes less time for
the emission from collapse of microbubbles to reach to the peak value and the peak
value increases. The higher the intensity is, the more violent the collapse of shelled
bubbles is. But the speed of increase decreases as intensity increases, in other words,
such increase of collapse intensity plateaus gradually. The one exception here is the
case of 1.2 MPa case. The time took to reach the peak is about the same as the 1.0
MPa case, showing that the intensity of 1.0 MPa is strong enough to collapse the
microbubbles in extremely short time.
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Figure 3.9 Peak emission level and time, the peaks of collapse emission are indicated by
circles.

Table 3.2 Time and value of peak emission of intensity series

Parameter 0.4 MPa 0.6 MPa 0.8 MPa 1.0 MPa 1.2 MPa
Time of peak 36 ¢ 1.64,1.12,0.56 s 0.48,0.36 s 0.16 s 0.20s
Peak value 02803  1.248,0.7496,0.7816  1.46, 1.402 2.681 2.852

Thirdly, after 10 seconds, emissions come from cavity behavior. The emission
level increases until 1.0 MPa, and then there is a drop when the intensity increases
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from 1.0 MPa to 1.2 MPa, which can be easily found in Figure 3.8 (C). With higher
acoustic pressure, the amplitude of oscillation is higher so the emission level is higher.
The reason that the emission of 1.2 MPa is lower than 1.0 MPa is that 1.2 MPa is too
strong to collapse most of the cavities rather than let them experience stable
oscillation, which can be proved by the noise like emission signals around 4 MHz and
1 MHz. Since the emission level is averaged between 1.5 MHz and 2.5 MHz, lack of
oscillation activities will reduce the total amount of emission. The second thing about
cavity behavior is that there are significant increases in nonlinearity of oscillation of
cavities when intensity increases from 0.4 MPa to 0.8 MPa. Especially for
ultraharmonic emission frequencies, such as 1, 3, and 5 MHz, the increase can be
easily found in the contour in Figure 3.8 (B). Such increase of ultraharmonic
emissions stops when intensity reaches 1.0 MPa, and ultraharmonic signals are even
close to disappear at 1.2 MPa. Here again, the collapse of cavities, though weak, is
the reason. So collapse of cavities appears when intensity increases from 0.8 MPa to
1.0 MPa, and oscillation of cavities become weaker when intensity reaches 1.2 MPa.
By looking into Figure 3.8 (D), such change in cavity behavior is more obvious.
When intensities are above 0.4 MPa, the frequency peaks are about the same. Only at
9 MHz, the ultraharmonic signal comes out at 0.6 MPa and 0.8 MPa, indicating a
slightly increased nonlinearity in cavity oscillation. However, such nonlinearity
disappears after 1.0 MPa.

3.3.2.2 Pulse duration series

Two pulse duration series were tested at different PRF frequencies of 5 kHz and
500 Hz. The pulse duration series at 500 Hz was chosen here. In pulse duration series,
5 pulse durations from 5 ps to 500 us were tested. The intensity is 0.8 MPa, the
irradiation time is 60 seconds, and the PRF is 500 Hz. The results are shown in Figure
3.9.

Figure 3.10 (A) and Figure 3.10 (B) are contour plots of all 5 pulse durations,
where Figure 3.10 (A) shows the first 10 seconds, i.e. from 0 to 10 seconds and
Figure 3.10 (B) shows the third 10 seconds, i.e. from 30 to 40 seconds. Figure 3.10
(C) shows averaged emission level of all 5 pulse durations represented by the interval
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of 1.5 to 2.5 MHz over all the 60 seconds irradiation time. Figure 3.10 (D) shows the
frequency magnitude of 5 pulse durations, from 0 to 10 MHz, averaged over all the
60 seconds irradiation time.

In Figure 3.10 (A), collapse signals can be seen in all 5 cases. The case of 5 us is
different from the other 4 cases because the collapse signal is weaker. The laser diode
results show that after 10 second the microbubble concentration, though dropping
with time, is still high so the collapse behavior is weak. The case of 10, 20, 50 ps are
similar with a collapse signal and harmonic emissions at 4, 6 MHz. The case of 500
Ks shows much noise like emissions and ultraharmonics.

In Figure 3.10 (B), except for the 5 ps case, the microbubble concentrations for
other 4 cases are negligible. During 30 to 40 second, the case of 5 ps is still has high
microbubble concentration so the emissions still show weak collapse signal. The case
of 10, 20, 50 us show stable harmonic emission signals at 2fy, 3f;. The case of 500 ps
still shows clear collapse signals and very strong emissions at both harmonic and
ultraharmonic frequencies.

The emission level shown in Figure 3.10 (C) is different from that of intensity
series in Figure 3.9 (C). During the collapse of microbubbles, there are still peaks
after sharp increasing. For cavities behavior after the collapse, the difference among
10, 20, 50 ps is little and the emission levels for all these 3 cases are stable but the
case of 500 ps is totally different: the emission level changes dramatically, i.e. there
are alternative increases and decreases.

Figure 3.10 (D) also shows that the case of 5 ps has only weak harmonic
emissions. The cases of 10, 20, 50 us are quite similar, showing strong harmonic
emissions but the ultraharmonic emission of 50 us case is stronger than the other 2
cases. The case of 500 ps has the strongest emissions among all 5 cases, no matter at
harmonic, ultraharmonic or even broadband signals. With increasing pulse duration,

more frequencies are coming out.
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Figure 3.10 Influence of pulse duration on cavitation noise, (A) frequency contour during
the first 10 seconds of irradiation; (B): frequency contour during the 3rd 10 seconds (from
30 to 40 second) of irradiation; (C): the noise emissions averaged over frequency interval of
2 to 3 MHz; (D): the noise emission spectra averaged over 30 to 40 second. The intensity is
0.8 MPa; the irradiation time is 60s; and the PRF is 0.5 kHz. Color bar is the value of the
power of frequencies after FFT with limited value range.
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Similarly, to discuss the influence of pulse duration on bubble radial behavior,
the results from laser diode measuring will also be used.

For shelled bubble behavior, the case of 5 us is totally different from other cases,
where weak oscillation of shelled bubbles dominates cavitation activity. For all other
4 cases, violent collapse of microbubbles happens. Using the same method described
by Figure 3.9, the time when peak emission appears and the value of the peak
emission are listed in Table 3.3. As pulse duration increases from 10 us to 50 ps, the
time when peak emission appears decreases and the peak emission value increases,
which means that the intensity of collapse increases. The collapse of microbubbles in
500 ps case is extremely quick while the peak emission level is smaller than 50 ps
case. So for shelled bubbles, as pulse duration increases, the intensity of collapse also
increases but similarly as what intensity series has shown, such increase gradually

plateaus.
Table 3.3 Time and value of peak emission of pulse duration series
Parameter 10 ps 20 ps 50 ps 500 ps
Timeofpeak 2525 112 0.88's 0.16s
Peak value 1.059 1.677 2.073 1.855

For cavity behavior, from 10 ps to 50 ps, the changes in emission level or
emission pattern is not significant, all the 3 cases only show horizontally stable
emission from oscillation. But from 50 ps to 500 ps, the change is dramatic. Firstly,
the nonlinearity of oscillation increases, showing by the appearance of strong
emission from both harmonic and ultraharmonic signals. It is also very clear that 1
MHz signal appears in 500 ps case. As that introduced in Figure 2.2, with increasing
pulse duration, the response of cavity radius becomes more and more nonlinear.
Within one ultrasound wave cycle, the cavity neither collapse nor drops to its
minimum size. So in the coming next wave cycle, the cavity continues to response
with a large radius, so emissions at half driving frequency, in other words,
subharmonic signals, come out. Also in Figure 3.10 (D), the 1 M Hz signal showing
only in the 500 us case results in combination frequencies of further ultraharmonic
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frequencies, such as 7 MHz and 9 MHz. Such an increase in frequency values is
shown in Figure 3.11. The first 5 seconds of 50 ps case show weak signals of
harmonics while the last 5 seconds of 500 us case show strong signals of emission of
both harmonics and ultraharmonics. One more point about the 500 ps is that collapse
of cavities, indicated by the jigsaw like pattern emission level curve in Figure 3.10
(C), appears only in this case. To make the case of 500 ps more special, such strong
collapse of cavities is not found in either case in intensity series.

Figure 3.11 Increase in emission frequency when pulse duration changes from 50 ps to 500
ps. From 30 to 35 second belongs to the case of 50 ps and from 35 to 40 second belongs to
500 ps

3.3.2.3 PREF series

In PRF series, 8 intensities from 50 Hz to 50 kHz were tested. The intensity is
0.8 MPa, the duty ratio is 10%, and the irradiation time is 60 seconds. The noise data
are shown in Figure 3.12.

Figure 3.12 (A) and Figure 3.12 (B) are contour plots of all 7 PRFs, where
Figure 3.12 (A) shows the first 10 seconds, i.e. from 0 to 10 seconds and Figure 3.12
(B) shows the third 10 seconds, i.e. from 30 to 40 seconds. Figure 3.12 (C) shows
averaged emission level of 5 selected PRFs represented by the interval of 1.5 to 2.5
MHz over all the 60 seconds irradiation time. Figure 3.12 (D) shows the frequency

magnitude of 5 selected PRFs averaged over all the 60 seconds irradiation time.
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Figure 3.12 Influence of PRF on cavitation noise, (A) frequency contour during the first 10
seconds of irradiation; (B): frequency contour during the 3rd 10 seconds (from 30 to 40
second) of irradiation; (C): the noise emissions averaged over frequency interval of 2 to 3
MHz; (D): the noise emission spectra averaged over 30 to 40 second. The intensity is 0.8
MPa; the irradiation time is 60s; and the duty ratio is 10%. Color bar is the value of the
power of frequencies after FFT with limited value range.
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Strong microbubble collapse signals can be seen in all 7 cases shown in Figure
3.12 (A). For all 7 cases, the collapse speed is very fast. The intensity of collapse is
compared using the same method as described by Figure 3.9. The time when peak
emission of collapse appears and the peak emission level for 7 PRF cases are shown
in Table 3.4. The difference of the time when peak emission comes among 7 cases are
small except for the case of 20 kHz, where the microbubbles collapse, although very
fast, a little bit slower than other 6 cases. For peak emission values, the cases of 50
kHz, 50 kHz, and 10 kHz have smaller peaks than other 4 cases, indicating that longer
pulse duration, though with the same constant energy, can collapse microbubbles

more violent.

Table 3.4 Time and value of peak emission of PRF series

Parameter 50 kHz 20 kHz 10 kHz 2 kHz 1 kHz 500 Hz 50 Hz

Time of 0.4s 0.76 s 0.44 s 0.44s 0.32s 0.24s 0.4s
peak

Peak value 104 0.8742 1.294 2.228 2.432 2.47 1.848

The difference of cavity behavior shown in Figure 3.10 (B) is clearer. The cases
of 50 kHz and 20 kHz show very weak oscillation signals; the case of 2 kHz shows
harmonic emissions; and from 2 kHz to 50 Hz, strong emission signals at both strong
harmonic and ultraharmonic frequencies are shown. The time-averaged emission
level shown in Figure 3.10 (D) also indicates that only low PRF cases with long pulse
durations have strong emissions at ultraharmonic frequencies. For shelled bubble
behavior, the difference among all 7 cases is very small, while the difference between
cavity behaviors is easier to be seen. Especially in Figure 3.12 (C), the shapes of
different emission level curves are clearly different. The jigsaw shape becomes more
obvious as PRF decreases. To better compare such difference, the time period
beginning from 30 s ending at 40s when for all 7 cases the microbubble concentration
can be negligible is taken out and the emission level for all 7 cases are plotted in
Figure 3.13. The changes in values of emission level become clearer as PRF
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decreases. To evaluate such changes in emission levels, the mean value and standard
deviation of emission level of all 7 cases during 30 to 40 second are listed in Table
3.5. It can be found that the emission level falls into two groups: the three high PRF
cases have relatively lower emission level while the 4 low PRF cases have relatively
higher emission level and that unlike the emission level the standard deviation
increases as PRF decreases. In intensity series and pulse duration series, only one
case of 500 us has shown similar dramatic changes in emission level during the same
period. The mean value and standard deviation of 500 us case calculated by the same
method are 2.9257, 0.5641 respectively. The standard deviation of this 500 case is
thus the largest.
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Figure 3.13 The emission level of all 7 PRF cases during 30 to 40 second

Table 3.5 Emission level comparing during 30 to 40 second of PRF series

Parameter 50 kHz 20 kHz 10 kHz 2 kHz 1 kHz 500 Hz 50 Hz

Mean 1.5074 1.1432 1.1672 2.578 1.9553 2.8721 1.5931

Standard 0 0452 0.0286 0.0487 0.094 0.1352 0.1818 0.2279
deviation
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3.4  Summary of bubble behavior

The influences of intensity, pulse duration and PRF on bubble radial dynamics
are examined by measuring the concentration change of microbubbles using laser
diode unit, and also by recording the noise from cavitation using focused hydrophone.
The parametric differences are summarized from two parts: on artificially added
microbubbles with lipid shells and on cavities generated in the liquid itself.

One part is influence of parameters on microbubbles.

Parametric influence on shelled bubbles can be very straightly seen. The first
kind is weak oscillation pattern dominant where bubbles collapse very slowly and the
concentration remains high after 10 seconds. The other kind is quick collapse pattern
dominant, where most of the microbubbles collapsed within 10 seconds. For such a
kind of collapse, the differences are discussed by comparing the collapse time and
peak emission signal from collapse.

When intensity increases from 0.3 MPa to 0.4 MPa, the microbubbles behavior
changes from weak collapse and oscillation to violent collapse. As intensity increases,
microbubbles collapse quickly and more violent, but such increase gradually plateaus
when intensity reaches the value of 1.0 MPa.

The influence of pulse duration on microbubbles behavior is somehow similar to
that of intensity. At 5 us length pulse duration, weak oscillation and collapse happen
and as pulse duration becomes longer, violent collapse dominants. In a short range of
10 ps to 50 us, the collapse process does not change much but when the pulse
duration becomes long enough such as 500 ps, the microbubbles collapse extremely
quickly:.

The influence of PRF on microbubble behavior is not very directly output since
in all 7 cases, collapse dominants and the collapse processes are all very quick and
violent.

The other part is influence of parameters on cavities.

Parametric influences on cavities are discussed by both the amplitude of
emission and the nonlinearity from emission. The total emissions amount averaged
from the frequency interval of 1.5 MHz to 2.5 MHz have been discussed one

parameter by one parameter. Here to compare together, frequencies values of 1 MHz
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to 7 MHz from all 3 parameter series averaged between 30 to 40 second are plotted in
Figure 3.14. The values of ultraharmonic signals, such as 1 MHz, 3 MHz, and 5 MHz
reflect the nonlinearity of cavity oscillation; especially the 1 MHz signal also partly

reflects the cavity collapse.
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Figure 3.14 Frequency power of 1 to 7 MHz signal of all 3 parameters averaged between 30
to 40 second

As intensity increases, the oscillation amplitude of cavities increases until 1.0
MPa. The nonlinearity of oscillation of cavities increases until 0.8 MPa. For the 1.0
MPa and 1.0 MPa cases, weak collapse of cavities can be seen.

When pulse duration is less than 50 s, the difference of oscillation of cavities
are not very clear but when pulse duration increases to 500 ps, the nonlinearity
increases dramatically and strong collapse of cavities can be found.

With the same intensity and energy, lower PRF cases with longer pulse duration
show stronger oscillation signals. As PRF decreases, the changes of the intensity of

bubble behavior, either oscillation or collapse, becomes clearer.
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Chapter 4. Ultrasond-mediated delivery in vitro: parametric

studies on sonoporation efficiency

4.1 Introduction

4.1.1 Delivery via sonoporation in vitro

The pores created during sonoporation have long been used for the delivery of
drugs as well as genes. Since the ultrasound-mediated delivery technic still has a long
way to go before going clinical, as introduced in Chapter 1 much work has been done
both in vitro and in vivo. In vivo experiments with animals would be more close to
clinical reality, but it is time consuming and usually has relatively lower productivity.
Here we focus on mechanism and parametric influence of sonoporation, requiring
much experimental work, so the delivery experiments in this study are carried out in
vitro. To show successful accomplishment of sonoporation, fluorescent markers with
large molecular weight which won’t be internalized unprompted were delivered into
cultured cells. Various parameter arrangements that are identical to experiments done
with bubble behavior are tested on their influences on the delivery efficiency as well
as the cell viability.

4.1.2 Difference between cell statuses

The mechanisms involved in sonoporation include shear stress and
microstreaming induced by stable cavitation and shockwave and jetting induced by
inertial cavitation. These mechanisms are affected to parameters, to make the effects
of these mechanisms more clear, the cells were irradiated in both attachment and
suspension status in this chapter. The reason why the same cell type was irradiated in
two different statuses is that the behaviors of cells will be different when subjected to
either stable or inertial cavitation whether they are free in liquids or attached to a rigid
wall. The difference mainly comes from two factors. The first one is the mechanical
factor. When cells are in a suspension status, they are free. Liquid won’t hold shear
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stress, so does the cells suspending in it. For a cell suspending in the medium, shear
stress and microstreaming will have few effects on it since it will translate in the
liquid when subjected to such stress. Such comparison can then help understanding
not only the parametric influence but also mechanisms on sonoporation process. The
second one is the bubble factor. Cells suspending in liquid will have much more
contrast agents, as well as cavities in the liquid around them since they are immersing
into liquid and have larger volume of liquid around them than the cells attached to the
bottom of the plate.

4.2 Materials

The ultrasound exposure system is the same one as that used for microbubble
behavior study. The medium in wells of the 24-well plate changed and cultured cells
were applied as an in vitro model. FITC-Dextran is chosen as the marker for

sonoporation.

4.2.1 Cellline

Mouse embryonic fibroblast cells (NIH3T3), adherent, were incubated as
monolayer at 37°C under a humidified atmosphere of 5% CO, in 55 cm? tissue
culture dishes containing Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% v/v fetal bovine serum (FBS) and 1% v/v antibiotics
(Penicillin-Streptomycin and L-Glutamine). All of the reagents were purchased from
Invitrogen (Carlsbad, CA). The double time of cells is 18 h and to avoid completely
confluent of cells subcultures (also called passage) are needed. The passage of cells is
carried out every three days. During passage, the cells are detached using trypsin and
parts of them are transferred to a standard commercial 24-well plate and left to grow
to ~ 90% confluence before being irradiated.

A view of NIH3T3 cells cultured is shown in Figure 4.1. NIH3T3 cells have a
long and narrow morphology and turn to form cluster by adhering to each other. The
main body is less than 20 um in size for most cells.
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Figure 4.1 Appearance of cultured NIH3T3 cells

4.2.2 FITC-Dextran

Sonoporation is characterized by pores on the cell membrane and the pores are
validated by the uptake of large molecules which usually can’t be internalized by the
cell itself. The indicator of internalization used is FITC (Fluorescein isothiocyanate) —
Dextran, purchased from Sigma-Aldrich (St. Louis, MO).

Dextran is a complex, branched glucan (polysaccharide made of many glucose
molecules) composed of chains of varying lengths (from 3 to 2000 kilo Daltons),
shown in Figure 4.2 (A). FITC is the original fluorescein molecule functionalized
with an isothiocyanate reactive group, replacing a hydrogen atom on the bottom ring
of the structure. The coupled dextran with FITC is shown in Figure 4.2 (B).

The molecular weight of FITC-Dextran used in this study is 20 kDa. It appears
to be a yellow powder. It is dissolved in phosphate buffered saline (PBS), giving a
yellow solution. The concentration of the solution is set to be 5 mg/ml. In the solution,
the approximate Stokes’ radius for FITC-dextran with a MW of 20 kDa is 33
Angstroms.

Toxicity of FITC-Dextran to cells is considered to be negligible. In studies in
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mice, FITC-dextrans were found to be tolerated well when injected intravenously or
intraperitoneally in doses up to 6g/kg bodyweight. Their toxicity patterns follow those
of the parent dextrans (tested by the manufacturer).

The excitation maximum of FITC-dextran is 490 nm. The emission maximum is

520 nm.
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Figure 4.2 Structural formulas of dextran (A) and FITC-Dextran (B). The data are offered by
the manufacturer, Sigma-Aldrich.
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4.3 Methods

4.3.1 Irradiation protocol of attachment status

The ultrasound exposure system is the same one with that used in bubble radial
movements study.

During passage, cells were transferred to 24-well pates with a density of
1x10°/cm?. The plates were incubated for 24 h and then the cells were exposed to
ultrasound. The cells reached approximately 100% confluent when irradiated.

For a single well in the 24-well plate, a total volume of 0.8 ml of mixed medium
is injected. The mixed medium contains 0.08 ml of Sonazoid™, 0.72 ml of DMEM,
and 8 pl of FITC-dextran solution. The volume concentration of microbubbles is 10%,
corresponds to a count of 1.7x10°/ml. The density of FITC-Dextran is 50 pg/ml. The
medium is pre-mixed and then injected to wells one by one.

Before irradiation, the plate was taken out from the incubator. DMEM in wells
were piped out and the cells were rinsed once by PBS. The mixture of microbubbles,
FITC-Dextran and DMEM was then injected to wells and cells were exposed to
ultrasound at various configurations. After exposure, the plate was placed back to the
incubator and incubated for 10 min without changing the medium inside the wells.
Then the plate was taken out again for analyzing. The mixture inside wells was piped
out and the cells were rinsed twice by a mixture of PBS and anti-dye (A889,
Invitrogen, Carlsbad, CA). A volume of 0.1 ml of Trypsin-EDTA was then injected to
each well to detach cells. The plate was incubated for 2 min to allow full detachment
of cells. A volume of 0.9 ml of DMEM was then injected to each well and was
carefully pipetted for three to five times. The total volume of 1 ml mixture in each
well was transferred to a 1.5 ml tube. A volume of 10 pl out of the 1 ml mixture was
transferred to another 1.5 ml tube for viability analysis. The tubes containing 1 ml
mixture were centrifuged for 5 min at 2000 rpm and 4 °C. After centrifugation, the
cells deposited to the bottom of the tubes and the upper medium was piped out. A
volume of 0.4 ml of PBS was then injected to each tube and careful pipetting was
carried out for three to five times to make sure all the cells in the tube will suspend
into PBS. The cell suspended PBS was then injected to a tube with mesh and flowed
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in a cytometer. All the manipulations were carried out in a clean bench except for

centrifuge.

4.3.2 Cell preparing for suspension status

NIH3T3 is natural adherent cells. During passage, a portion of cells were
transferred to 24-well plates and were then irradiated in attachment status. At the
same passage, cells were transferred to dishes with the same density of 1x10°/cm?.
After incubation for 24 h, the cells in the dishes were harvested by trypsin-EDTA and
transferred to plates and then soon irradiated while they were suspending in the
medium.

Since the medium for culture are the same, identical proliferation is expected
after 24 h. The area of a single well in 24-well plate and a dish is 1.883 and 55 cm?,
respectively. In order to make sure that cells in a single well irradiated in two statuses
have an identical population, (188.3/55) % of cells in the dish were transferred to a
well in a new 24-well plate. In this new plate, cells were irradiated in suspension
status. The volume of medium inside a dish is 5 ml in all passages, so the volume of
cell suspension that will be transferred to a single well is thus 5 x (188.3/55) % ml,
which is, 171.2 pl.

4.3.3 Irradiation protocol of suspension status

For a single well in the 24-well plate, a total volume of 0.8 ml of mixed medium
is injected. The mixed medium contains 0.08 ml of Sonazoid™, 171.2 pl of cell
suspension from dishes, 0.55 ml of DMEM, and 8 pl of FITC-dextran solution. The
medium is pre-mixed and then injected to wells one by one.

The cells were immediately irradiated after they were injected to the well. After
irradiation, a volume of 0.2 ml mixture of PBS and anti-dye was injected to each well.
The total volume of 1 ml of the mixture of cells and medium in the well were
transferred to a 1.5 ml tube after careful pipetting. The tubes were centrifuged for 5
min at 2000 rpm and 4 °C. After centrifugation, the cells deposited to the bottom of
the tubes and the upper medium was piped out. A volume of 1 ml of DMEM was then
injected to each tube and careful pipetting was carried out for three to five times to
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make sure all the cells in the tube will suspend into DMEM. A volume of 10 pl out of
the 1 ml mixture was transferred to another 1.5 ml tube for viability analysis. The
tubes were then again centrifuged for 5 min at 2000 rpm and 4 °C. After
centrifugation, the cells deposited to the bottom of the tubes and the upper medium
was piped out. A volume of 0.4 ml of PBS was then injected to each tube and careful
pipetting was carried out for three to five times to make sure all the cells in the tube
will suspend into PBS. The cell suspended PBS was then injected to a tube with mesh
and flowed in a cytometer. All the manipulations were carried out in a clean bench
except for centrifuge.

4.3.4 Flow cytometry and viability analysis

The confirmation of FITC-dextran delivery to cells was done by flow cytometer
(FACS Verse, BD, Franklin Lakes, New Jersey). Flow cytometry is a laser based
technology employed in cell counting, sorting, and biomarker detection, by
suspending them in a stream of fluid and passing them by an electronic detection
apparatus. Cells in suspension pass laser beam one by one and excitation signals are
recorded.

In our test, forward scatter (FSC), side scatter (SSC) and FITC signals were
applied. FSC and SSC signals were used to gate cells out from dirt and other
impurities in the suspension. After the cells were labeled out, FITC signal was used to
gate the cell with FITC-Dextran inside out from all the cells.

The delivery rate is then defined as

Number of FITC- Dextran positive cells

Delivry rate = (4-1)

Number of total cells

For a single well, at least 10, 000 cells were counted.

The cell viability is measured by TC10™ Automated Cell Counter (BIO-RAD,
Hercules, CA), shown in Figure 4.3. It is an automated device that provides a total
count of mammalian cells and a live/dead ratio in one step.
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Figure 4.3 TC10™ Automated Cell Counter, picture from the manufacturer

A volume of 10 pl of trypan blue dye was added into the 10 ul suspension in the
1.5 ml tube and mixed carefully by pipetting for about 10 times. A small portion of
the mixture was then loaded to the slide, and the slide was then inserted into the
automated counter where the total number of cells as well as the viability will be
obtained.

As described in the irradiation protocol, the cells irradiated in attachment status
were rinsed before cytometry test. So dead cells floating in the medium were rinsed
out, which would add inaccuracy to the viability data. To compensate this inaccuracy,
a well with cultured cells was used. The medium inside this well was unchanged
during the whole process so influence from ultrasound and mixed medium was absent.
The cell viability of a tested well for cells irradiated in attachment is define as

Cell viability =

Total numer of cells in the tested well (4-2)

Total numer of cells in the cultured well X viablity of the tested well

For cells irradiated in suspension status, the cell viability is just the viability
measured by the cell counter.

All the data of delivery rate and cell viability are averaged from three
independent replicates (12 samples) and shown as the mean +/- standard deviation.
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4.4 Results and discussions

4.4.1 Influence of intensity

The influence of acoustic intensity on both delivery rate and cell viability was
studied. The cell behaviors of 8 intensities together with a control case were shown in
Figure 4.4 (A). The initial microbubble concentration is 0.1 (10% volume to volume).
The other parameters were set as: the irradiation time is 60s; PRF is 5 kHz and the
pulse duration is 20 ps.

The delivery rate increases while cell viability decreases as intensity increases.
No delivery was found in control case without ultrasound irradiation, which agrees
with literature very well [51] [34]. The increase trend of delivery rate is slow under
0.3 MPa, becomes quicker between 0.3 and 0.8 MPa and turns to plateau from 0.8
MPa. The increase in sonoporation efficiency from 0.3 MPa to 0.4 MPa is extremely
sharp. There are large drops of cell viability when intensity increases from 1.0 MPa to
1.2 MPa.

There is a pattern shift of shelled bubble behavior between 0.3 MPa and 0.4 MPa,
as shown in Chapter 3. To test the influence of this pattern shift on delivery rate and
cell viability, minor intensity increments on both delivery rate and cell viability were
tested between these two intensities and the results were shown in Figure 4.4 (B). The
other parameters were set as: the irradiation time is 60 s; PRF is 5 kHz and the pulse
duration is 20 ps.

Still, the delivery rate increases while cell viability decreases as intensity
increases. There is obvious increase of delivery rate when intensity increases from
0.32 MPa to 0.34 MPa. For cell viability, the decrease appears to be in a gradual way.
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Figure 4.4 Effects of ultrasound intensity on the delivery rate and cell viability for cells
irradiated in both attachment and suspension statuses. (B) is done with small increment. DR
is short for delivery rate; CV is short for cell viability; and A, V indicate attachment and
suspension status, respectively. No ultrasound was applied in the case of control. The
irradiation time is 60s; PRF is 5 kHz and the pulse duration is 20 us. The data is averaged
from 4 independent replicates (12 samples) and shown as the mean +/- standard deviation.
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To discuss parametric influence on sonoporation, the results of parametric
influence on bubble radial movements will be applied. In Chapter 3, the influence of
intensity on bubble behavior has been summarized from two sides.

The first one is on microbubbles: when intensity increases from 0.3 MPa to 0.4
MPa, the microbubbles behavior changes from weak collapse and oscillation to
violent collapse. As intensity increases, microbubbles collapse quickly and more
violent, but such increase gradually plateaus when intensity reaches the value of 1.0
MPa. The other one is on cavities: as intensity increases, the oscillation amplitude of
cavities increases until 1.0 MPa. The nonlinearity of oscillation of cavities increases
until 0.8 MPa. For the 1.0 MPa and 1.0 MPa cases, weak collapse of cavities can be
seen.

Here the sharp increase in sonoporation efficiency when intensity increases from
0.3 MPa to 0.4 MPa is the result of the change in cavitation pattern. Figure 4.4 (B)
further shows that such a pattern shift happens when intensity increases from 0.32
MPa to 0.34 MPa. Beginning from 0.4 MPa to 0.8 MPa, the reason of the rise in
sonoporation efficiency cannot be clearly concluded here since the intensity of
microbubble collapse and cavity oscillation both increases. Beginning from 0.8 MPa,
the reason of the plateau in sonoporation efficiency is interesting. In Table 3.2, it has
been shown that the microbubble collapse at 1.0 MPa and 1.2 MPa is more violent
than that of 0.8 MPa. In Figure 3.8 (C), it has been shown that the cavity oscillation is
stronger than that of 0.8 MPa. The limited increase in sonoporation efficiency from
0.8 MPa to 1.0 MPa indicates that cavitation behavior at 0.8 MPa, either from shelled
bubbles or cavities, is strong enough to sonoporate cells. Further increase in
cavitation intensity will not result in the increase in sonoporation efficiency but the
decrease in cell viability. But still, the reason for such a plateau can comes from either
microbubbles or cavities. From 1.0 MPa to 1.2 MPa, the drop in sonoporation
efficiency for cells irradiated in suspension is due to the sharp decrease in cell
viability. Even sonoporated, the death of cell causes the breakdown of cell membrane
and the fluorescent markers will such flow out of the cell.

As for cell viability, the trend is much easier. The increase in either microbubble

collapse intensity or cavity oscillation intensity will cause decrease in cell viability.
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One more thing needed attention is that the difference between two statuses. This
topic is not a main point of this thesis and further arrangements of experiments are
needed to come to any conclusions. However, here the reason for such difference is
briefly discussed. For all cases tested, both the sonoporation efficiency and cell
viability of cells irradiated in suspension status are higher than those irradiated in
attachment status. Since the cell population and microbubble density are identical for
both statuses, it is obvious that when cells are suspending in the mixture there are
more microbubbles around them. Besides when cells are attached to the bottom only
parts of their surface area are open to microbubbles. Adding these two points together,
the possibility that cells in attachment status be influenced by microbubble cavitation
activities is lower than the cells in suspension status. What’s more, as introduced in
section 4.3, the preparation methods are different for two different statuses. The time
that cells are out of incubator is different for two statuses which may result in a
difference in the cells themselves. Such difference may be the difference in cells
capability of keeping its intactness or even the difference in cells viability.

4.4.2 Influence of irradiation time

The influence of irradiation time on both delivery rate and cell viability was
studied. The cell behaviors under 6 different time lengths of 3 different cases together
with a control group were shown in Figure 4.5. The initial microbubble concentration
is 0.1 (10% volume to volume). The other parameters were set as: the acoustic
intensity is 0.8 MPa; PRF is 5 kHz and pulse duration is 20 us (case 6) for (A); PRF
is 0.05 kHz and pulse duration is 2,000 us (case 15) for (B); and the acoustic intensity
is 0.8 MPa; PRF is 0.5 kHz and pulse duration is 500 pus (case 23) for (C).

For all 3 cases: the delivery rate increases while cell viability decreases as
irradiation time increases. Within 20 s, the delivery rate reaches more than 50% of the
value of 60 s. In Figure 4.5 (A), the increase trend of delivery rate is obvious under 30
s and plateaus after that. The decrease of cell viability presents a gradual style over all
irradiation time lengths. While in Figure 4.5 (B) and (C), the increase trend of
delivery rate is still obvious under 30 s but unlike in Figure 4.5 (A) the plateau does
not appear: the delivery rate keeps increasing as irradiation time increases, though the
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speed of increasing is slower than the speed of under 30 s. The cell viability, similarly
as that shown in Figure 4.5 (A), decreases as irradiation time increases.
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Figure 4.5 Effects of total irradiation time on the delivery rate and cell viability for cells

(©)

irradiated in both attachment and suspension statuses. DR is short for delivery rate; CV is
short for cell viability; and A, V indicate attachment and suspension status, respectively. No

ultrasound was applied in the case of 0 s. The acoustic intensity is 0.8 MPa. PRF is 5 kHz
and pulse duration is 20 us (case 6) for (A); PRF is 0.05 kHz and pulse duration is 2,000 s
(case 15) for (B); and The acoustic intensity is 0.8 MPa; PRF is 0.5 kHz and pulse duration
is 500 s (case 23) for (C). The data is averaged from 4 independent replicates (12 samples)

and shown as the mean +/- standard deviation.

105




Chapter 4. Ultrasound-mediated delivery in vitro: parametric studies on sonoporation efficiency

To understand the difference between the irradiation series of 3 cases, the
method used in discussion in Part 3.3.2 is applied. The emission levels averaged over
the frequency interval of 1.5 MHz to 2.5 MHz and the noise spectra of 3 cases tested
are shown in Figure 4.6. The most obvious difference among these 3 cases is the
irregularity of the curve, especially for the curve after 10 seconds. The curve of case 6
Is smooth; the curves of case 15 and 23 are serrate while the saw tooth in case 23 is
sharper and deeper. To evaluate the difference quantitatively, as described in Part
3.3.2.3, the mean value and standard deviation of the emission level values during 30
to 40 second are listed in Table 4.1. The mean level difference between case 6 and 15
is minor but the deviation difference is large while both the mean level and deviation
of case 15 are far larger than case 6 and 15. The spectra figure shows that for 3 cases
most of the frequencies from emission are the same only that the values are different:
the emission from 500 ps case is stronger. So here such values shown in Table 4.1, in
other words the stableness of emission level, as well as the level of nonlinearity of
oscillation can both be applied to judge the cavity behavior. The difference is that the
frequency spectrum is a time averaged result so it lacks information from the collapse
of cavities which is transient while the “stability’ of emission level is a combination
since all the emissions are recorded together. In Figure 3.10 (B), it is found that
collapse of cavities also happened in the 500 us case. Here the ‘unstableness’ values
in Table 4.1 count oscillation and collapse together.

The results from laser diode have shown for all these 3 cases, the microbubble
concentrations after 10 s are negligible. So during first 10 seconds, using the same
method as described in Part 3.3.2.1, the intensity of microbubble collapse of 3 cases
is compared in Table 4.2. The main difference between case 6 and 15 is the peak
emission value while the main difference between case 15 and 23 is the time took to
reach peak emission.
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Figure 4.6 Cavitation noise of 3 case, (A) Noise emissions averaged over frequency
intervals; (B) the noise emission spectra averaged over 30 to 40 second. The acoustic
intensity is 0.8 MPa, PRF is 5 kHz and pulse duration is 20 ps (case 6); PRF is 0.05 kHz and
pulse duration is 2,000 us (case 15); and PRF is 0.5 kHz and pulse duration is 500 us (case
23).
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Table 4.1 Emission level comparing during 30 to 40 second of 3 cases

Parameter Case 6 Case 15 Case 23

Mean 1.6193 1.5931 2.9257
Standard 0.0766 0.2279 0.5641
deviation

Table 4.2 Time and value of peak emission of 3 cases

Parameter Case 6 Case 15 Case 23
Time of peak 0.48's 0.4s 0.16s
Peak value 1.46 1.848 1.855

The influence of irradiation time on sonoporation efficiency is discussed within
one case as well case by case.

In the first 10 seconds that microbubbles collapse violently, the sonoporation
efficiency of case 6, 15, 23 are 3.45%, 3.66%, and 3.65% for attachment status, and
5.61%, 6.55%, and 6.54% for suspension status. Within 40 seconds, the sonoporation
efficiency of case 6, 15, 23 are 5.12%, 5.36%, and 6.03% for attachment status, and
9.52%, 9.32%, and 10.41% for suspension status. In the first 10 seconds,
sonoporation efficiency in case 23 is about the same with case 15, a little bit larger
than case 6. But after 40 seconds, the efficiency in case 23 is much larger than both
case 6 and case 15. So the difference happens while cavity behavior dominates
cavitation.

To find the difference from cavity behavior, the discussion is done within one
case. In case 6, the sonoporation efficiency increase from 20 s to 30 s is smaller than
that from 10 s to 20 s. From 30 s, the sonoporation efficiency plateaus. But in case 15
and 23, from 30 s, although the increase is not as large as that within 30 s, the
sonoporation efficiency is still increasing as irradiation time increases. And the
increase is more obvious in case 23 than that of case 15. Together as that shown in

Figure 4.6, the deeper and sharper saw tooth causes such increase while smooth curve
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is not capable. In other words, the alternatively changes in emission from cavity
behavior is much more effective than stable emission in sonoporating cells. Since
such alternative change in emission is caused either by collapse of cavities or
changing in nonlinearity of cavity oscillation while stable emission is caused by
stable oscillation of cavity, collapse of cavity is much more effective in sonoprating
cells than stable oscillation of cavity.

One more thing is that for all 3 cases, the increase of sonoporation efficiency in
first 20 seconds is quicker than the increase from 20 s to the end. Majority of
sonoporated cells are caused by the collapse of shelled bubbles. In other words, the
collapse of shelled bubbles is more effective in sonoporating cells than the collapse of

cavity.

4.4.3 Influence of pulse duration

The influence of pulse duration on both delivery rate and cell viability was tested
at two different PRFs. The results during irradiation of 4 pulse durations at 5 kHz
PRF and during irradiation of 6 pulse durations at 0.5 kHz PRF were shown in Figure
4.7. The initial microbubble concentration is 0.1 (10% volume to volume). The other
parameters were set as: the acoustic intensity is 0.8 MPa and the irradiation time is 30
s. At 5 kHz RPF, pulse durations of 5, 10, 20, and 50 ps correspond to duty ratios of
2.5, 5, 10, and 25%. At 500 Hz RPF, pulse durations of 5, 10, 20, 50, 200, and 500 ps
correspond to duty ratios of 0.25, 0.5, 1, 2.5, 10, and 25%.

For both PRFs, the delivery rate increases while cell viability decreases as pulse
duration increases. At 5 kHz PRF, the increase trend of delivery rate is obvious under
20 ps and becomes slower after that. The decrease of cell viability presents a gradual
style over all irradiation time lengths. At 500 Hz PRF, the increase trend of delivery
rate is more gradual. The cell viability decreases slightly when pulse duration is less
than 200 ps and suddenly drops largely at 500 ps.
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Figure 4.7 Effects of pulse duration on the delivery rate and cell viability for cells irradiated
in both attachment and suspension statuses. PRF of (A) and (B) is 5 kHz, and 500 Hz,
respectively. DR is short for delivery rate; CV is short for cell viability; and ‘A’, and “V’
indicate attachment and suspension status, respectively. The acoustic intensity is 0.8 MPa;
and the irradiation time is 30 s. The data is averaged from 4 independent replicates (12
samples) and shown as the mean +/- standard deviation.
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The 2 pulse duration series at 5 kHz and 0.5 kHz PRF are similar and the
discussion will use the series of 0.5 kHz which contains more cases.

The case of 5 ps is the same type as cases in intensity series when intensity is
smaller than 0.3 MPa where weak oscillation of microbubbles dominates. From 10 ps
to 50 ps, the intensity of microbubble collapse increases as shown in Table 3.3 in Part
3.3.2.3. But at the same time, the difference in cavity behavior among these 3 pulse
durations is extremely small as shown in Figure 3.10 (C). So the reason of the
increase in sonoporation efficiency is the increase in the intensity of shelled bubble
collapse. The case of 500 ps shows violent collapse of shelled bubbles, strong
nonlinearity in cavity oscillation and collapse of cavity can also be found. Since all
these 3 behaviors are strong, the sharp drop of cell viability is thus understandable.

4.4.4 Influence of PRF

Burst settings, as introduced in Part 2.2.2, including pulse duration and pulse
repetition frequency (PRF). Different burst settings have different total ‘on’ time of
ultrasound and thus have different total energy.

The influence of PRF on both delivery rate and cell viability was tested. The cell
behaviors during irradiation of 8 PRF values together with continuous wave case
were shown in Figure 4.8. The initial microbubble concentration is 0.1 (10% volume
to volume). The other parameters were set as: the acoustic intensity is 0.8 MPa; the
duty cycle is kept at 10%; and the irradiation time is 30 s except for the continuous
case where the irradiation time is 20 s.

There is no clear trend of increase of decrease for either delivery rate or cell
viability as PRF changes. Delivery rates of continuous case, 20 kHz and 50 kHz are
smaller than other 6 cases. Cell viability of continuous case, 50 Hz, 20 kHz and 50
kHz are lower than other 5 cases.
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Figure 4.8 Effects of PRF on the delivery rate and cell viability for cells irradiated in both
attachment and suspension statuses. DR is short for delivery rate; CV is short for cell
viability; and A, V indicate attachment and suspension status, respectively. The acoustic
intensity is 0.8 MPa; the duty cycle is kept at 10%; and the irradiation time is 30 s. The data
is averaged from 4 independent replicates (12 samples) and shown as the mean +/- standard
deviation.

The results from bubble radial dynamics have proved that for shelled bubbles,
there is little difference in the intensity of collapse among all PRF cases. For cavity,
cases with lower PRF have relatively higher deviation of emission level, which has
been proved to cause sonoporation. However, the irradiation time is only 30 s and
within 30 s, as discussed in Part 4.4.2, the increase in sonoporation efficiency comes
mainly from shelled bubble behavior. So for all cases, the sonoporation efficiency
difference is small. The cell viability for the case of continuous, 50 Hz, 20 kHz and
50 kHz is lower than the other 4 cases. The case of 50 Hz has stronger cavity
behavior so the low cell viability is understandable. The low cell viability of 20 kHz
and 50 kHz is somehow puzzling since neither shelled bubble nor cavity behavior are
stronger than other cases. For the results obtained in this thesis, no clear explanation
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can be given. But one possible explanation is the happening of resonant vibration of
cells (http://www.ccmr.cornell.edu/education/ask/index.html?quid=734). The PRF is
high enough to cause cells vibrate mechanically and further disruption of cell

membrane resulting in the cell death.

45 Correlation between bubble and cell behaviors

As known, cavitation activities are believed to play very important role in
sonoporation. The results in Chapter 2 and 3 have shown the parametric influence on
bubble behavior and here in Part 4.4 such influence on cell behaviors is discussed.
Since cell behaviors are the results of cavitation of bubbles, to get a more
comprehensive understanding on such relationship, the correlation between bubble
and cell behaviors will be discussed together here based on the parametric influences
on both bubble and cell behaviors.

It must be noticed that size of the cell we used, NIH3T3, is around 30 um while
the averaged diameter of the contrast agents are around 3 um. Cell is a much larger
object compared to contrast agent, which is also true for human cells whose size are
around 30-100 um. Weak action of cavitation bubbles does not destroy the intactness
of the membrane while strong action causes cell lysis and disintegration. Here what is
focused in sonoporation is the sublethal damage to the cell membrane which opens
the membrane structure for a short time while keeps the cell itself alive.

The relationship between bubble and cell behavior is complicated by the fact that
several kinds of bubble behaviors can cause cell behaviors that also have two sides,
repairable pores and death.

The first kind of bubble behavior is oscillation or collapse of cavities generated
in the medium itself. One point to be carefully mentioned here is that such cavity
behavior is the after phase of contrast agents, in other words, after the shelled bubbles
have collapsed to a negligible concentration. Stable oscillation of such cavities is too
weak to cause sonoporation behavior even at very high ultrasound intensity, as shown
in Figure 4.5 (A) after 30 seconds. And surprisingly, here the effect of oscillation
comes not from the amplitude but from the nonlinearity. With higher nonlinearity,
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sonoporation and cell death both increase from cavity behavior. Then it is
understandable that collapse of cavities which is naturally high nonlinear, causes both
repairable pores as well as cell death. For oscillation of cavity, the parameters are
more burst settings dependent than intensity. Either high duty ratio or long pulse
duration is needed to reach a high nonlinear move of cavities. Since in none of the
cases tested, continuous collapse of cavities is achieved, there is no clear conclusion
on the parameters settings that causes collapse of cavities. But it is obvious that as the
oscillation goes more and more nonlinear, the collapse of cavities will finally take
place. So for cavity behavior, the threshold for causing damage on cells is much
higher than that of contrast agent behavior.

For contrast agents, the results on bubble radial dynamics have shown that
beginning from 0.2 MPa the shelled bubbles begin to response to ultrasound by
starting to oscillate and from around 0.34 MPa they begin to collapse. At 0.2 MPa,
both repairable pores and cell deaths are significant, which indicate relatively low
thresholds for membrane damage. It also proves that stable oscillation of shelled
bubbles, unlike that of cavities, is also able to cause cell behavior. This ability,
however, is quite weak compared to collapse of shelled bubbles since beginning from
0.3 MPa the increase of sonoporated cells and decrease of dead cells both become
much sharper. This is understandable because the population of contrast agents
around a cell is large and the possibility of cell behavior is surely higher than that
from cavities. At 0.4 MPa the cavitation of contrast agents is collapse dominant but
cell behaviors are still far from its maximum intensity. The number of sonoporated
cells nearly doubles and the dead cells also increases as intensity goes to 0.8 MPa.
Since increase in intensity causes more violent collapse of contrast agents, with the
same amount of shelled bubbles around a cell, stronger activities of individual
bubbles cause stronger cell behavior. Stronger activities result in larger pores, as well
as longer opening time [93] and thus benefit the internalization process. But such
increase partly stops when intensity reaches 0.8 MPa: the cell death continues while
sonoporation nearly stops, indicating that there is a number limit of the total effective
contrast agents. Considering that a cell has only limited area and also can only bear
limited area of pores otherwise it dies, the existence of intensity plateau is natural.
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The only question is to what intensity the pores can last for the longest time without
causing cell death. This self-sealing time is studied to be only a few seconds [94] for
pores caused by shear stress at a very low intensity. For high intensity shock wave
caused pore cases and a large number of cells, the time may be longer. As seen for
most cases, the violent collapse of shelled bubbles stops within 10 seconds, but the
rapid increase lasts till 30 s. The self-sealing time is here believed to be no shorter
than 10 seconds.

The results shown in Figure 4.5 compare the difference between cell behaviors
caused by cavity and shelled bubbles very well. Even with high nonlinear oscillation
and occasional collapse in Figure 4.5 (C), cavity activities is still much weaker
compared to shelled bubble activities.

4.6  Therapeutic ratio

The delivery rate and cell viability for all cases including cells irradiated in both
attachment and suspension status are shown in Figure 4.9. The data from 8 series
discussed above, including intensity, irradiation time for 3 different settings, PRF,
pulse duration for 2 different settings are presented as a scatter plot. The legends in
italic font indicating hollow markers are for cells irradiated in suspension. The overall
trend for both cells irradiated in attachment status and suspension status is that
increases in transfection efficiency are associated with decreased cell viability. With
similar cell viability, the delivery rate of cells irradiated in suspension is higher than
that of cells irradiated in attachment status.

For attachment status, the highest delivery rate obtained is 7.39%. The
experiment condition for it is: 0.8 MPa intensity, 60 s irradiation time, 0.5 kHz PRF,
and 500 s pulse duration. The cell viability at this condition is 78.7%.

For suspension status, the highest delivery rate obtained is 12.03%. The
experiment condition is the same as that in attachment status. The cell viability at this
condition is 82.5%.
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Figure 4.9 Delivery efficiency and cell viability of all cases for both cells irradiated in
attachment and suspension status. The filled markers are for attachment status, and the blank
markers with italic font legend are for cells irradiated in suspension.

To quantitatively assess delivery rate and cell viability together, the therapeutic
ratio [44] (defined as the ratio of delivered cells to dead cells) for all cases including
cells irradiated in both attachment and suspension status are shown in Figure 4.10.
For cells irradiated in both statuses, the delivery rate of case 15 and case 23 in
irradiation time series are clearly higher than other series. However, the therapeutic
ratios for both 2 cases are not very high due to the lower cell viability.

For attachment status, there are two close therapeutic ratio peak values. One is
0.78. The experiment condition for it is: 0.8 MPa intensity, 60 s irradiation time, 2
kHz PRF, and 50 ps pulse duration. The delivery rate at this condition is 5.24% and
the cell viability is 93.3%. The other one is 0.73. The experiment condition for it is:
0.8 MPa intensity, 10 s irradiation time, 5 kHz PRF, and 20 us pulse duration. The
delivery rate at this condition is 3.45% and the cell viability is 95.3%.

For cells irradiated in attachment status, the highest therapeutic ratio comes from
the combination of delivery rate and cell viability while the second highest
therapeutic ratio comes mainly from the high cell viability.

For suspension status, there are also two close therapeutic ratio peak values. One
is 2.55. The experiment condition for it is: 0.8 MPa intensity, 10 s irradiation time, 5
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kHz PRF, and 20 ps pulse duration. The delivery rate at this condition is 5.61% and
the cell viability is 97.8%. The other one is 2.45. The experiment condition for it is:
0.8 MPa intensity, 60 s irradiation time, 2 kHz PRF, and 50 us pulse duration. The
delivery rate at this condition is 9.55% and the cell viability is 96.1%.

For cells irradiated in suspension status, the highest therapeutic ratio comes
mainly from the high cell viability while the second highest therapeutic ratio comes

from the combination of delivery rate and cell viability.

117



Chapter 4. Ultrasound-mediated delivery in vitro: parametric studies on sonoporation efficiency

Therapeutic ratio

[
100
95
20
85

80
75
) 70

3+

2.5

=
tn n
Y] 71

Therapeutic ratio

=y
v

0.5+

0l
100

/-

Cell viability (%

95
90

Cell viability (%

85
) 80

(T~

=8 Intensity
—© PRF
—© Pulse duration, 5 kHz
—© Pulse duration, 0.5 kHz,
| —©Time, case 6
Time, case 15
Time, case 23

Delivery rate (%)

I

—© Intensity
~© PRF
—O© Pulse duration, 5 kHz
—© Pulse duration, 0.5 kHz
[ —© Time, case 6

Time, case 15

Time, case 23

Delivery rate (%)

(B)

Figure 4.10.Therapeutic ratio for all cases. (A) is the result for cells irradiated in attachment
status and (B) is the result for cells irradiated in suspension status.
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4.7  Summary

FITC-dextran was delivered to cultured NIH3T3 cells via sonoporation in the
presence of microbubbles. Influences of ultrasonic parameters, including intensity,
irradiation time, PRF and pulse duration, on both delivery rate and cell viability were
studied. The cells were irradiated in both attachment and suspension status.

As intensity increases, sonoporation efficiency increases but cell viability
decreases. The difference in increasing between 0.3 MPa and 0.4 MPa is large. The
increase of efficiency plateaus from 0.8 MPa but cell viability keeps decreasing.

As irradiation time increases, sonoporation efficiency increases but cell viability
decreases. For case 6, the increase of sonoporation plateaus from 30 s. As pulse
duration increases, sonoporation efficiency increases but cell viability decreases. The
cell viability of 500 us case is very low. The difference in sonoporation efficiency
among different PRF values is small. The cell viability at 50 Hz, 20 kHz, and 50 kHz
is lower than other cases.

As for the correlation between cavitation behavior and sonoporation efficiency:
weak oscillation of shelled bubbles can cause sonoporation but is very ineffective;
stable oscillation of cavity does not sonoporate cells; collapse of both shelled bubbles
and cavities are effective in sonoporating cells while the first one is more effective.
The self-sealing time of cells is around 10 seconds.

The highest delivery rate obtained is 7.39%, 12.03% for attachment and
suspension status, respectively. The corresponded cell viability is 78.7%, 82.5%,
respectively. The experiment condition is: 0.8 MPa, 60 s irradiation time, 0.5 kHz
PRF, and 500 ps pulse duration. For attachment status, there are two close therapeutic
ratio peaks. One is 0.78. The experiment condition is: 0.8 MPa, 60 s irradiation time,
2 kHz PRF, and 50 us pulse duration. The delivery rate at this condition is 5.24%
while the cell viability is 93.3%. The other one is 0.73. The experiment condition is:
0.8 MPa, 10 s irradiation time, 5 kHz PRF, and 20 ps pulse duration. The delivery
rate at this condition is 3.45% while the cell viability is 95.3%. For suspension status,
there are also two close therapeutic ratio peaks. One is 2.55. The experiment
condition is: 0.8 MPa, 10 s irradiation time, 5 kHz PRF, and 20 us pulse duration. The

delivery rate at this condition is 5.61% while the cell viability is 97.8%. The other one
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is 2.45. The experiment condition is: 0.8 MPa, 60 s irradiation time, 2 kHz PRF, and
50 us pulse duration. The delivery rate at this condition is 9.55% while the cell
viability is 96.1%.
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Chapter 5. Conclusions and future directions

Towards higher delivery efficiency from sonoporation, experimental studies
from two sides were carried out. The overall aim is deeper understanding of
sonoporation mechanism and thus methods to improve sonoporation efficiency.
Totally 23 experiment conditions were carried out for both bubble behavior and
delivery of markers into cells with identical settings. Ultrasonic parameters’ influence,
including intensity, pulse duration, PRF on both bubble radial dynamics and cell
behaviors are discussed. The bubble behavior is separately discussed on both
oscillation and collapse of both cavities generated in the liquid itself and artificially
added contrast agents from the results of laser diode concentration test and cavitation
noise analysis. The cell behaviors including the sonoporation and cell death measured
by flow cytometry and automated counter are listed by parameters.

The results of bubble behavior are very briefly listed as following. Shelled
bubble oscillations appear at low intensities and dominant bubble behavior under 0.3
MPa. Between 0.3 MPa and 0.4 MPa, oscillation and collapse of shelled bubbles
coexist. From 0.4 MPa, collapse of shelled bubble dominates and collapse becomes
quicker as intensity and pulse duration increase. There is a threshold intensity of 0.34
MPa, where microbubble behavior changes from oscillation dominant to collapse
dominant. For shelled bubbles, pulse duration is leading influencing factor rather than
rest time when pulse duration is longer than 10 ps. Pulse duration and PRF also
influence cavity behavior. With longer pulse duration, the oscillation of cavity
becomes more nonlinear. At high PRFs oscillations of cavities are stronger. Collapses
of cavities are obvious at high pulse durations and low PRFs.

The results of cell behavior are briefly listed as following. Sonoporation
efficiency increases but cell viability decreases when intensity increases. The
difference in increasing between 0.3 MPa and 0.4 MPa is large. The increase of
efficiency plateaus from 0.8 MPa but cell viability keeps decreasing. Sonoporation
efficiency increases but cell viability decreases when pulse duration increases. As
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pulse duration increases, sonoporation efficiency increases but cell viability decreases.
The cell viability of 500 ps case is very low. The difference in sonoporation
efficiency among different PRF values is small. The cell viability at 50 Hz, 20 kHz,
and 50 kHz is lower than other cases. The sonoporation efficiency reaches more than
60% of its final value at 60 s during first 20 seconds. After 20 seconds, the increasing
in efficiency is small. But such small increase is more obvious with an unstable
emission level.

The relationship between cavitation behavior and sonoporation efficiency is
quite complicated and is briefly listed as following. Weak oscillation of shelled
bubbles can cause sonoporation but is very ineffective; stable oscillation of cavity
does not sonoporate cells; collapse of both shelled bubbles and cavities are effective
in sonoporating cells while the first one is more effective. The self-sealing time of
cells is around 10 seconds.

One continuing work is refilling of microbubbles. Since the collapse of shelled
bubbles is most effective and happens very quickly, refilling of bubbles would
improve sonoporation efficiency directly. Even with the same amount of bubbles,
rupture them step by step is a better choice. Further future work may include two
parts. The first one is to carry out sonoporation experiments in a more microscopic
way. For example, to observe the pores directly will help to form theory on pore
formation process which is now one of the most difficult topics in sonoporation
research. The other one is to apply the parametric influence to in vivo cases. Delivery
with animal experiments applying the conclusions in this study is very necessary
before clinical settings of sonoporation delivery therapy.
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