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“Nobody ever figures out what life is all about, and it doesn’t matter. Explore the world.

Nearly everything is really interesting if you go into it deeply enough.”

Richard Feynman
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Abstract

Dyed, shelled, nanobubbles (NBs) have recently been proposed as con-
trast agents for multimodal ultrasound-photoacoustic (US-PA) imaging. However,
changes to the shell composition due to the presence of the dye can modify the re-
sponse of bubbles to ultrasound. In this work, the effects of the dye, Sudan Black
B, on a formulation of lipid shelled NBs are studied. Formulations were produced
with increasing concentration of Sudan Black B. The size and concentration of ac-
tivated NBs were tested. The surface tension of bulk lipid solution was measured
using pendant drop tensiometry and activated bubble solutions were measured for
single bubble and bubble population response to incident ultrasound. While re-
sults show no statistically significant effect of Sudan Black concentration on bubble
concentration or size, surface tension increased linearly with dye concentration to
a maximum increase of 13%. With the addition of Sudan Black B, single bubble ex-
periments show an increase in the contribution of bubble growth signals, a decrease
in contribution of nonlinear signals, and a decrease in bubble destruction. The re-
sults presented in this work indicate that the presence of Sudan Black B in the lipid
shell of a nanobubble may increase the shell permeability impacting stability of the

bubble population and their potential for multimodal US-PA imaging.
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Chapter 1

Introduction

The morphology of the microvasculature can be used as a marker for dis-
ease detection because it is altered in many diseases, including cancer [1]. For this
reason, medical imaging modalities that can effectively assess the morphology of
microvasculature are important. In photoacoustic (PA) imaging, absorption of laser
irradiation by components in tissue such as cells causes a thermoelastic expan-
sion which generates ultrasound waves detected as PA signal. Hemoglobin from
red blood cells is a strong light absorber and therefore generates high amplitude
PA signal relative to other endogenous chromophores [1]. This can provide func-
tional information of the microvasculature. In ultrasound (US) imaging, acoustic
waves are generated by a transducer, transmitted through tissue, and reflected off
of boundaries that exhibit differences in acoustic impedance. This has been used in
robust morphological investigations of microvasculature. Morphological and func-
tional information from US and PA imaging respectively has the ability to evaluate
tumour morphology while tracking tumour metabolism [2] as a result of the mi-
crovascular imaging abilities. As such, US-PA multimodal imaging is a promising

tool for early tumour detection and diagnosis.



Despite the potential of US-PA multimodal imaging, there are cases in
which both modalities fall short. Relatively small differences in acoustic impedance
limit ultrasound contrast [3]. Additionally, the number of photons available for
initiating the PA effect significantly decreases with depth, which results in lower
amplitude acoustic waves that may not be sensed by the transducer [3]. There is
a critical need to: (1) extend the imaging depth of PA imaging and (2) enhance US
contrast, to improve diagnostic imaging of malignant disease. One way to address

this problem is to develop contrast agents for multimodal US-PA imaging.

1.1 Ultrasound Imaging and Acoustic Interactions

Ultrasound (US) imaging relies on the propagation of mechanical pressure
waves (acoustic waves with frequency > 20 kHz) through a medium. In biomedical
US imaging, inhomogeneous density of tissue causes mechanical property fluctua-
tions from which a portion of the sound wave is reflected back toward the source

[4]. The depth x of the scattering structure is determined through:
xX=—= (1.1)

where v is the speed of sound in the medium (0.154 [cm/us] in water) and ¢ is
the time for the sound wave to be delivered from the wave source to the point of
reflection and further to the point of detection. In clinical US imaging applications

the source and the detector are usually the same transducer.

Acoustic scattering describes the reflection of an acoustic wave from an

object the size of the wavelength or smaller. Red blood cells, for example, act as



Rayleigh scatterers because they are much smaller than incident acoustic waves for
typical transducers. A 5 MHz acoustic wave has wavelength of 300ym in com-
parison to a red blood cell with a radius of approximately 8ym. Increasing the
incident frequency increases the scattering from smaller objects. The best spatial
detail in US is obtained when imaging at higher frequencies [4][5]. For example,
as US frequency is increased to 50 MHz, an axial resolution and lateral resolution
of better than 20 and 100 microns respectively for an f-number tranducer of 2.9
can be achieved [6]. Frequency dependent scattering interactions, however, con-
tribute to frequency dependent US attenuation. US attenuation is higher for higher
frequencies. The maximum propagation length of a typical US wave averages at
approximately 300 wavelengths, directly limiting penetration depth in US imaging
[4]. The relationship of frequency dependent attenuation is approximately linear for
soft tissue. At 50 MHz, used in high-frequency US imaging, a depth of penetration
of approximately 8-9 mm could be expected in most tissue types [6]. Most clinical
US imaging systems employ frequencies in the range of 2 MHz to approximately 15

MHz.

US contrast is a consequence of differences in acoustic impedance which
causes distortions of incoming acoustic waves. However, differences in acoustic
impedance among tissue types, especially soft tissue, are often too small and cause
situationally limited contrast in US images [2]. In the human body, the acoustic
impedance of tissue spans a narrow range of 1.33-1.74 x 10° [kg/m? s] with the ex-
ception of the lungs at 0.26 x 10° [kg/m?s] and bone tissue spanning from 3.75-
7.38 x 10° [kg/m? s]. Ultrasound contrast agents are used to enhance the differences
of acoustic impedance at locations of soft tissue boundaries, particularly for highly

vascularized systems where blood exhibits an acoustic impedance of 1.65 x 10° [kg/m? .



1.1.1 Ultrasound Contrast Agents

The amount of reflection that occurs in a perpendicular direction from a

tissue boundary is expressed by the reflection coefficient or reflection fraction (rf).

(Za — 71)?

rf = A (1.2)

Z1 and Z, represent the impedance in two neighbouring materials at their
boundary (ie. at the boundary of the blood pool ,Z;, and it’s vessel wall, Z;). A
successful contrast agent for US, therefore, must have either high or low acous-
tic impedance in comparison to neighbouring soft tissue. The reflection fraction
for gas (0.0004 x 10° [kg/m?s]) compared to bone (7.38 x 10° [kg/m?s]) and water
(1.48 x 10° [kg/m? s]) can be used to narrow the search for an ideal agent. Upon cal-
culation, one finds that the rf for air:water is roughly 2x higher than for bone:water
(7 fair = 99.95%; 1 frone = 44.34%). As a result, US contrast agents typically employ a
gas vesicle to achieve an increase in acoustic impedance mismatch with surround-

ing tissue.

The first reported use of contrast agents, by Gramiak and Shah (1968), led
to the conclusion that increased reflectivity was caused by microbubbles of gas [7].
Microbubbles (MBs) are now the dominant agent used for US enhancement. MBs
are gas bubbles less than 10 ym and on average 2-3 ym in diameter. They are of-
ten stabilized with a protein, polymer or lipid shell [8][9][10]. In clinical use, MBs
are injected intravenously to enhance ultrasound image contrast. Significant work
has been done over the years investigating the mechanism of US contrast by MBs.

However, the success of MBs is highly attributed to their dynamical response to an



incident US wave. Ongoing attention is offered to the optimization of MB dynamics

under acoustic stimulation.

Bubble Dynamics

As US waves encounter a MB, the MB is subject to the compression and
rarefaction of the pressure wave. In a simple, low pressure case (<50kPa) the bubble
behaves linearly and it’s oscillations are spherically symmetric during the acoustic
interaction [11]. The compression component of the acoustic wave causes the MB to
shrink in size as the gas core is compressed [12]. Likewise, in the rarefaction phase
of the wave, the MB expands and the radius increases. As such, in a linear response
of a MB to US, a bubble oscillation will have a consistent minimum and maximum
shell radius throughout the US excitation [13]. Under such conditions the amplitude
of oscillation of the bubble would be proportional to the amplitude of the incident
US wave. A backscatter wave proportional in intensity to the incident wave would

be generated.

For moderate acoustic pressures (50 to 200 kPa), nonlinear oscillations oc-
cur, giving rise to harmonics and subharmonics [11]. As the pressure amplitude of
the US wave increases a bubble can expand with the sound field but cannot contract
equally. This is because the volume of entrapped gas reaches a limit to which it can
be compressed. A consequence of the asymmetry between the compression and ex-
pansion of the bubble is that the oscillations of MBs in an acoustic field can behave
nonlinearly [8][12][14]. The nonlinear behaviour of MBs is a widely investigated
area of interest [15][16][17] and has been thought to be the main driver for effective

contrast enhancement.



Knowledge of the oscillatory behavior of the bubble including harmonics
is necessary to optimize bubble applications [18]. Nonlinear response can also occur
through bubble resonance. Resonance occurs when an external force is applied to
a system at a rate that is equal to the natural frequency of the system. A bubble
will demonstrate prolonged increased amplitude of oscillation when sonicated at
its resonance frequency. The resonance frequency of an un-encapsulated MB with
2um diameter is 3.8 MHz [11]. Like other resonant systems, harmonic energy can be
detected in the backscattered ultrasound signal such as energy at the subharmonic,
ultraharmonic, and higher harmonic frequencies. It has been shown that the bubble
oscillator can exhibit (1/2),(1/3),(1/4),(1/5), or higher order subharmonics as
well as period doubling (2f), ultraharmonics (1 fo /2 where n > 1), superharmonics
(fo), and chaos. Harmonic nonlinear signals can be filtered using imaging pulse
sequences with a modulated phase, frequency and amplitude to separate the MB

signal from background tissue signal, further enhancing image contrast [12].

It has been shown that, as the acoustic pressure amplitude is increased, the
resonance frequency of a lipid-shelled microbubble tends to decrease in comparison
with its linear resonance frequency [19][18]. In general, for nonlinear oscillations the
minimum and maximum MB radius will vary with time (and cycle number) and the

amplitude will deviate from the US excitation pattern [13].

Additional phenomena from MB stimulation by US can occur (see figure
1.1). Acoustic-forced oscillations of a MB can generate streaming of the surround-
ing fluid [20][21]. Fragmentation of a MB into smaller bubbles can occur at high
pressures [22]. Acoustic radiation force from the US wave forces the displacement

of the MB away from the transducer [23]. Pressures at which a bubble is unable



to withstand any further deformation (i.e typically > 200kPa) will cause the de-
struction of the bubble. This is called inertial cavitation [11]. The destruction of
a bubble is paired with the emission of a high intensity, broadband US signal and
can produce shock waves. Forcing the inertial cavitation of a MB can offer numer-
ous theranostic advantages. Finally, the growth or shrinking of a MB can occur
through the exchange of gases across the bubble membrane with the surroundings
[24][25]. These phenomena are known as growth and dissolution respectively. At
acoustic pressures just below the fragmentation (destruction) threshold, a MB will
undergo dissolution wherein a small volume of the gas core escapes with each cycle
of US [12]. MBs that experience growth or dissolution are characterized through a
steady increase or decrease (respectively) of the backscatter amplitude for a long-

cycle pulse of US.

A Acoustic Backscatter | |B Streaming || C Fragmentation
0000 902 . 0
(+)] &
~
1 w3 2 ' o

1357
Acoustic 1-40 MHz,
wave /W\/\} — _>/VV\/\/ 10-1000 kPa
246 8 2p
o ) 7> | Q@000
3 =
2 N\
F Radiation Force | |E Cavitation | |D Dissolution

FIGURE 1.1: Variety of dynamic MB behaviours. Adapted from [12]

The parameters of a bubble behaviour occurring can differ for a bubble of

different constitution.



Shell Effects

For a free bubble, the surface tension between the gas:liquid interface, the
hydrostatic pressure or the acoustic pressure induces diffusion of gas from the core
into the surrounding liquid. As a result, free gas MBs dissolve within seconds af-
ter having been introduced in the blood circulation [10]. The constitution of a MB
can vary in terms of gas core and shell surfactants in order to extend the lifetime
of the bubble for clinical use. The diffusion of a gas from a MB core is inversely
proportional to the square root of its molecular weight. Therefore, MB cores with
higher molecular weight will exhibit lower solubility or diffusion of the gas [10]. It
is for this reason that the newest generation of contrast agents contain gases with
high molecular weight, such as perfluorocarbons. Even MBs that employ a gas with
high molecular weight can experience diffusion of the gas. An outer shell made up
of surfactants (i.e proteins, polymers or phospholipids) can be used to remedy this.
Surfactants act to decrease the surface tension of the gas to surroundings. This sta-

bilizes the MB and further limits the loss of gas from the core.

Some formulations for MBs are commercially available for clinical use.
MBs in the United States of America are currently FDA (Food and Drug Admin-
istration) approved for use in echocardiograms and liver imaging. The approval of
US contrast agents is specific to the country in which they are used and the type of
agent. Currently the only two FDA-approved, commercially produced agents in the
US that are still in production are: Optison ™ (Mallinckrodt, San Diego, CA, USA)
and Definity ® (DuPont Pharmaceuticals Co., NorthBillerica, MA, USA) [26]. The
two formulations utilize albumin and phospholipid encapsulation, respectively. In
Canada, Definity ® and Lumason ® are approved. Current commercially available

agents like Definity ® (phospholipids), and Lumason ® (lipid) are all coated with a



shell.

The unique dynamical behaviour of the bubble is, in large part, owed to the
malleable, deformable shell. With the addition of a MB coating comes dampening of
the vibrations of the MB and changes to the MB resonance frequency. The shells of
MBs, therefore, play a vital role in the behaviour of the resonant bubble system. For
instance, the resonant frequency of a bubble is determined by the initial radius and
shell elasticity. There are several theoretical formulations estimating the dynamic
response of a MB and its resonance frequency [27][11]. The different theoretical
formulations aim to account for the breadth of parameters by which a bubble can
differ (ie: shell elasticity, surface tension, bulk modulus, bubble radius). The linear

resonance frequency of a free MB (Minnaert-frequency) is given by:

1 [3xpe

fo=5=

= 2\ (1.3)

where r is the bubble radius, « is the polytropic exponent of the encapsu-
lated gas, p. is the equilibrium pressure inside the bubble and p is the density of
the agent [27]. The resonant frequency is inversely proportional to the radius of the
bubble. For exmaple, the resonant frequency of an un-encapsulated MB with 2um
diameter is 3.8 MHz while 9.4 MHz at 1ym diamenter. In comparison, the commer-
cially available agent, Albunex (Molecular Biosystems, Inc., San Diego, CA, USA)
has a resonant frequency of 45 MHz at 2uym diameter [11]. This is because the sur-
rounding shell causes an additional restoring force during the expansion phase that

is not present for a free bubble.

It is well established that the oscillations of the MBs are highly dependent

on the shell parameters of the agent. When comparing a free bubble (no shell) to



a shelled bubble, and a stiff-shelled bubble, the increased elasticity in the encapsu-
lating shell changes the resonance frequency of the MB and the viscosity of shell
increases the damping of the vibration [10]. This asymmetric radial motion leads to
an increase in harmonic scattering that is measured in the power spectra of the ra-
diated sound pressures. The shell causes an increase in resonance frequency due to
its stiffness and an increase in damping due to its viscosity. The material properties
of the encapsulating shell on MB dynamics also shifts the pressure ranges where
linear and nonlinear behaviours would be expected and may differ from agent to
agent. The influence of the coating plays a key role in characterizing the behaviour

of MBs.

Beyond Microbubbles: Less is more

MBs have several main limitations which vary in import depending on
their desired application. The morphology of microvasculature is a signature of
many diseases, including cancer. In tumours, the aggressive growth of the neoplas-
tic cell population and associated overexpression of pro-angiogenic factors leads
to the development of disorganized blood vessel networks that are fundamentally
different from normal vasculature (i.e leaky) [28][29][30]. In the context of vascu-
lar imaging and cancer detection, MBs are restricted to the microvasculature, and
therefore are less effective as theranostic agents for less vascularized tissue. For ex-
ample, MBs are unable to penetrate to necrotic cores of tumour. Even in the case
of a leaky vasculature where cellular gaps in vessel walls of tumours are enlarged
through the enhanced permeability and retention effect [30], MBs are too large. For
this reason nanobubbles (NBs) have been investigated. Bubbles are considered NBs

if they have a diameter smaller than 1 ym. Though the area of research is relatively

10



new (2008) [31], NB research is garnering increasing interest [8][32]. To extravasate
to the tumor itself, bubbles need to be smaller than 400 to 800nm in diameter [33].
The NB capacity to extravasate beyond the vasculature is greater than that of the

MB due to small size. This extends retention of NBs in the target tissue.

At Case Western Reserve University (Cleveland, OH; Dr. Agata A. Exner),
ultra-stable lipid NBs were developed that were able to maintain longer periods of
contrast under ultrasound exposure than commercially available MBs [32]. The NB
formulation features a shell containing a base lipid structure with two additives:
propylene glycol (PG) and glycerol (G) that increase overall stability and applica-
bility of these bubbles. Figure 1.2 is prvoided for a visualization of the shell archi-
tecture as designed by Exner et al. In vitro and in vivo experiments done by this
group showed NBs to have higher echogenicity in vitro and slower decay rates in

vivo compared to Definity ®[32].

ﬂ Phospholipid
s Edge Activator

Membrane
Stiffener

Bilayer Architecture
..e Stiff

o) (o Compliant

FIGURE 1.2: NB shell architecture (Edge Activator = propylene glycol;
Membrane Stiffener = glycol). Adapted from [34]]

MB formulations are polydisperse, often with a subpopulation on the nano

scale. This suggests that NBs can exhibit many of the same dynamical behaviours
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as their larger counterparts under US stimulation. Definity ®MBs, for instance, are
suspected to have a large NB subpopulation [35]. Furthermore, despite the ten-
dency of larger bubbles to influence the dynamic behaviour of smaller neighbour-
ing bubbles through bubble—bubble interactions [36], isolated NB populations have
shown many of the same dynamical features, including inertial cavitation and har-
monic content [8]. Like MBs, NBs can offer enhanced contrast in US imaging. Their
primary advantage over MBs is their ability escape leaky vasculature (see figure
1.3). Figure 1.3) illustrates the passive targeting enabled by leaky vessels caused by
abnormalities in tumour cell shape (shown by darker, overlapping cells), and cell
packing. Abnormal cell shape can cause gaps in tumour-associated endothelium
cells (light coloured, elongated, rectangular cells) lining blood vessels as compared
to healthy endothelium cells (purple, elongated, rectangular cells) neighbouring
healthy tissue (circular, light couloured called). In figure 1.3), normal tissue and
normal endothelium is shown on the left; tumour tissue and associated endothe-

lium is on the right.

1.2 Photoacoustic Imaging: Fundamentals

The photoacoustic (PA) effect was first discovered in 1880 by Alexander
Bell. However, implementation of photoacoustic theory in biomedicine and imag-
ing took hold in the late 1900’s after the first use in tissue imaging by Browen in
1981 [37]. Developing side by side with optical and acoustic imaging modalities,
PA imaging is now a fast growing and greatly maturing area of study in biomedical

imaging [38].

In PA imaging, incident laser light guided by optical fibers illuminates a
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normal endothelium and tissue _t_umor and associa_ted en_dothelium

FIGURE 1.3: NBs in leaky vasculature. Adapted from [33]]

medium. Absorption of the infrared or near infrared light along the transport path
is quantified by the absorption coefficient of an absorbing material. The absorbing
molecule, or fundamental unit of material that absorbs, is called a chromophore.
When the laser pulsewidth is limited by thermal and stress confinement conditions,
the generation of an acoustic wave may occur as a result of absorption of the laser
light by a chromophore [1][39][40]. This process can be modeled through the func-

tion:

po(r) = Tpa(r)P(r; ta, s, §) (1.4)
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where the generated pressure wave p at a radial distance r from the chro-
mophore is expressed as a function of the Griineisen coefficient, I, the absorption

coefficient, y,, the fluence ¢, the scattering coefficient y;, and the anisotropy factor

g [1][40].

Thermal and stress confinement conditions are necessary for the efficient
generation of a PA wave. Thermal confinement describes the condition that the
laser pulsewidth must occur in a time length less than the thermal relaxation time.

Thermal relaxation time characterizes thermal diffusion and is estimated by:

Tih = < (1 5)

where &y, is thermal diffusivity and d, is the smaller magnitude between:
dimension of the structure of interest or the decay constant of the optical energy
deposition as discussed in [40]. To satisfy stress confinement conditions, the laser
pulsewidth must be shorter than the stress relaxation time. Stress relaxation time

characterizes pressure propagation and is estimated by:

Us

Ts (1.6)

where v; is the speed of sound in the absorbing structure.

Electromagnetic radiation interacts with matter by scattering, absorption
and transmission. As light propagates through a medium, these interactions with
matter occur along the light path, and decrease the light intensity incident on the
region of interest (ROI). As a result, the ROI experiences a reduced light intensity.

Models that attempt to describe the transport of electromagnetic waves through
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tissue account for the probability of photon interaction along the path length, and

therefore reflect a reduction in power as a function of distance.

In the low frequency region of the electromagnetic spectrum, light experi-
ences high penetration and low scattering. This window of high penetrance and
low scattering is know as the “optical window’ and specifically refers to the in-
frared and near infrared regions ranging from approximately 600nm to approxi-
mately 900nm [41]. The "therapeutic" or "diagnostic" window extends this range to
approximately 1300nm [42]. As a result of the behaviour of light in the diagnostic
window, and the typically small angled geometry of the laser relative to the object
surface, nearly 100% transmission through the interface occurs. The reduction of
light intensity at the surface in acoustic resolution PA imaging is considered negli-

gible.

The scattering and absorption coefficients describe the probability of a scat-
tering or absorption event per unit infinitesimal length [38][40][43]. Both absorp-
tion and scattering coefficients are wavelength dependent, and tend to be larger for
molecules of larger cross section and smaller for molecules of smaller cross section.

The change in number of photons in depth is therefore dependent on the:

1. the loss of photons due to scattering in directions away from the main path

trajectory
2. the gain from photons scattered from other directions into the field of view
3. the absorption of photons along the path length

In practice, Monte Carlo simulation methods are employed to simulate the
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scattering and absorption interactions described above as a function of the proba-
bility of occurrence of interaction [43]. The overall effect is the attenuation of the
incident light intensity. This attenuation reduces the fluence on the ROI and there-

fore, from equation (1.4), will reduce the amplitude of the generated pressure wave.

Only absorption interactions of the incident electromagnetic energy result
in signal in PA images. Measures of the absorption coefficient in the human body
vary greatly and can be interpretted through the definition provided in equation
(1.7) where T describes the dimensionless surviving fraction of the incident light

after an incremental pathlength L [44].

1 0T

Ba= —T31 (1.7)

Water, blood, and fat content in tissue, to name a few, all have a different
absorption spectra because of their differing molecular compositions. In the hu-
man body, percentages of absorption properties of contributing constituents for a
tissue can act as an estimate for the net absorption coefficient of that tissue. The
optical properties of varrying biological tissues have been previously investigated

and summarized in depth [43][44].

After the chromophore absorbs the electromagnetic energy, the energy un-
dergoes a conversion process. The thermal conversion efficiency 7y, describes the
percentage of absorbed photon energy that is converted into heat. The local pres-

sure rise immediately after the laser pulse is proportionally related to 7, by:

Po NenAe- (1.8)

~ x;pCy
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Here, B is the volume thermal expansivity, p denotes the mass density of
the chromophore, Cy represents the specific heat capacity of the chromophore at
constant volume, A, is the specific optical absoption, and x represents the isother-

mal compressibility expressed by:

K; = CP
' pCyud’

(1.9)

Cp is the specific heat capacity at constant pressure.

From heat, the energy undergoes a second conversion to mechanical en-
ergy. The Griineisen parameter I' is a dimensionless coefficient that describes the
conversion of thermal energy into mechanical energy [38][1]. The Griineisen pa-

rameter is given by:

I'= ’BC—Z;% = Kl-pIBCV (1.10)

A larger Griineisen coefficient describes a chromophore that is more effi-

cient at converting thermal energy to mechanical energy. At room temperature (22
°C) I' is approximately 0.12 for water, approximately 0.16 for blood and approxi-
mately 0.8 for fat [38][45]. I is also dependent on temperature [39][40]. With water
constituting 50-70% of body mass in humans it is reasonable to use the temperature
dependence of water as an example [40][45]. Each millikelvin temperature rise in
water or a high water-content medium (I' of 0.2 at 37°C) will experience a 800 Pa
pressure increase [45]. For every °C increase, the PA signal as a result of I' increases

by approximately 5%.

From this point forward PA physics are completely described by acoustic
interactions. Optical absorption directly effects the initial amplitude of the gener-

ated ultrasonic wave, which, after some period of propagation, is measured by a
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passive US transducer [2][46]. The propagation and detection of the acoustic wave
describes the remainder of the physical process that occurs in PA imaging. After
this point, conventional US technologies and methods can be used to reconstruct

the information into images.

PA imaging has been developed and used in various and scalable oper-
ating modes ([38],[1],[47],[48]). Each operating mode exhibits a different set of at-
tributes due to the setup of the system and lends to the scalability and versatility of
the modality. Each mode will exhibit a different maximum axial and lateral resolu-
tion, and penetration depth (as shown in figure 1.4). The PA interaction can be used
to image a large (approximately 1mm) vessel at depths a few centimeters deep as
well as a vessel as small as 20 microns in diameter at depths of a few millimeters.
To increase penetration depth, typically a transducer with a lower central frequency
and therefore reduced lateral resolution is used compared to a system with a higher
central frequency transducer with better spatial resolution [38]. PA imaging can

therefore be used for a variety of scales with a variety of applications.

The underlying physical phenomena remain common among all PA modes,
and are described by the same fundamental processes. The physics of the PA inter-

action can be summarized by three distinct stages:

1. The optical stage: from laser to medium and through the processes of optical
refraction, transmission, scattering and absorption which subsequently causes

thermomechanical effects

2. The thermal stage: from absorption to conversion of heat into mechanical

energy and generation the ultrasonic wave
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FIGURE 1.4: Acoustic resolution photoacoustic microscopy (AR-PAM)

resolution compared with other PA modalities. Red circles denote lat-

eral resolution and blue triangles denote axial resolution. Adapted
from [38]

Each stage has an associated efficiency due to energy losses that ultimately

number of targets at different length scales
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3. The acoustic stage: from generation through propagation of the ultrasonic

wave (involving acoustic attenuation and scattering) to final detection

limits the final sensitivity of a PA imaging system [38]. The definition of detection
sensitivity is adapted from Yao and Wang as being an indicator of, "the minimum
needed to measure signals above the
noise and provide accurate diagnosis of disease". The sources of these efficiencies
and limitations have been investigated in depth [38]. In the optical stage, the de-
tection sensitivity of acoustic resolution PA is mainly affected by the incident laser
fluence. In the thermal stage, the optical absorption coefficient and the Griineisen
coefficient are limiting factors. In the acoustic stage, the main limitation on sensi-

tivity is the detection efficiency of the ultrasonic transducer.



Various methods can be employed to improve the detection sensitivity of

PA. The following work focusses on the use of external agents.

1.2.1 Photoacoustic Contrast Agents

The number of photons available for initiating the PA effect significantly
decreases with depth, which results in lower amplitude acoustic waves that may
not be sensed by the transducer [3]. The addition of exogenous PA contrast agents
allows for microscopic imaging with improved selectivity and contrast at a cellu-
lar and molecular level [49]. PA contrast agents are materials that are developed
to intensify and improve the PA-imaging ability and quality, including resolution,
contrast and penetration depth [50]. This is achieved through the alteration of the

PA characteristics of local tissue environments.

The PA characteristics of local tissue environments can be manipulated in
either the optical or thermal stages of the photoacoustic interaction [50]. For ther-
mal interactions, the PA signal is most dependent on the Griineisen parameter due
to temperature dependence [51][52]. The body temperature of a healthy individ-
ual is (37 °C). This is the ambient temperature for the ROI in biomedical diagnostic
applications. In order to generate higher signal through the Griineisen parame-
ter one would need to locally increase the temperature of the medium. Consistent
implementation of this for clinical applications would prove difficult due to ther-
moregulation of the body by surrounding blood vessels and could potentially cause
damage by denaturing proteins in the ROI if temperatures deviate greatly. For this
reason, this work focusses on alteration of the optical characteristics of local tissue

environments through the addition of agents with high optical absorption.
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Generally, studies of PA contrast agents aim to focus on either:
¢ developing new agents to address the short-comings of existing agents or
* modifying existing agents for multifunctional use in PA

The development of new exogenous PA contrast agents has been achieved
using inorganic nanoparticles [53], carbon-based agents [54][55], small molecules

(dyes) [49], and macromolecular compounds [50][56][57].

Gold nanoparticles have dominated the field of metallic nanomaterial stud-
ies for PA imaging [53]. Overall, metallic nanomaterials exhibit larger optical ab-
sorption cross-sections than endogenous agents. It remains to be seen whether the
use of gold nanoparticles in reaching extravascular targets is generalizable across
disease types and to applications in healthy tissue with intact vasculature. Despite
being inert by nature, the in vivo biomcompatibility of gold nanoparticles has not

been unambiguously established [53][54].

Carbon based nanomaterials including nanotubes, nanodiamonds and
graphene based nanomaterials have shown potential for PA imaging owing to their
flexibility of synthesis and functionalization [55]. The optical properties can be
tuned through changes to the tube structure. Carbon nanoparticles are generally
limited by their broadband absorption profile and low molar extinction coefficient.

Additionally, investigations of biocompatibility are limited.

Dyes have been employed as molecular PA contrast agents. They exhibit
high structural diversity and allow the tuning of their absorption and PA properties
due to nonlinear absorption potential [49]. Their small (~ angstrom) size allows for

enhanced contrast through vascular permeability. Advances in the development of
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molecular dyes for PA focusses on the absorption capabilities of the agent and the
potential of nonlinear PA applications. Most small-molecule dyes must be actively
targeted to gain specificity. Challenges associated with the use of small-molecule
dyes include a low molar extinction coefficient (< 3x10°M~!cm 1) and low solubil-
ity [56][58]. Molecular dyes also exhibit a tendency to aggregate and photobleach. It
is possible to address some of these challenges chemically, by attaching hydrophilic
groups or other stabilizing groups. Overall their chemical flexibility also facilitates
the creation of "smart" contrast agents [56] and the modification of existing agents

for multifunctional use in PA.

1.2.2 Multimodal US/PA Contrast agents

PA imaging is used in conjunction with US and fluorescence imaging be-
cause of the acoustic detection and optical excitation paths: the images are co-
registered naturally. Synthesizing multimodal contrast agents is an important step
toward quantitative multimodal imaging that seamlessly integrates PA with other

modalities.

To date, several contrast agents have been investigated for US/PA imag-
ing. A successful agent to be used for both US and PA imaging must exhibit two
key properties in comparison to surrounding tissue: (1) high acoustic impedance
and (2) high optical absorption. These conditions limit US/PA multi-modal agents

to absorbing materials with a gaseous core.

With increasing attention, the pairing of one or more of the discussed PA

agent types with or as surfactants for US agents has been developed [59][60].
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The agents that have been investigated have been:
1. Loaded PA nanodroplets as activatable bubbles

2. Loaded bubbles

The study of these agents is in its infancy and a comprehensive review to

compare them has not been published before.

Photoacoustic Nanodroplets

PA nanodroplets (PAnDs) are typically perflourocarbon (PFC) agents which
can be forced to undergo a phase change when mediated by an external optical en-
ergy source. Due to the controllable phase change, PA nanodroplets function as
activatable contrast agents [61][62]. PFC compounds have a wide range of boiling
points and can be mixed at different ratios for controllable phase shift and selec-
tive vaporization of the agent [63]. An agent of the PFC family typically absorbs
little optical energy in the near infrared region and therefore needs a chromophore
incorporated as a heating source [64]. With these agents, the phase change is PA
triggered due to the high optical absorption and generates a detectable acoustic
transient. The resulting vaporization provides gas for acoustic impedance differ-
ences and therefore, US contrast. Nanodroplets can be loaded with genes, drugs or
optically absorbing nanoparticle agents. Droplets with a smaller size with higher
vaporization threshold temperature tend to be more stable and recondense consis-
tently after vaporization, enabling repeated vaporization of the agent and longevity

for extended imaging times [65].
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TABLE 1.1: PA Nanodroplets (PAnDs) - Summary Table

Absorber Material Absorption Droplet | Yield Cit.
Peak of Ab- | Diam.
sorber
Silica-coated lead sulfide
nanoparticles (PbS) n/a 1-12 pm | n/a [62]
Nile red dye 530 nm 3 ym n/a [67]
g‘g g;yanme-green 800 nm (conc. | 0.6 um | 10° [61]
dependent) PAnD/mL
India Ink flat spectra 0.475 n/a [68]
pm
Gold nanorods 790 nm (tun- | 0.4pum 10° [69]
able) PAnD/mL
Perylene diimide (PDI) 650 nm 0.1135 n/a [70]
pm
i(;l:yl FSP fluorosurfac- 650 nm 0.06 um | n/a [71]

Some previously developed PAnDs are summarized in table 1.1. The ex-
tent of nanoparticle loading and the overall droplet diameter can be controlled
during the synthesis process through filtering and sonication [63]. High optical
absorption coefficients within the diagnostic window (ie PbS: 4.31 cm 1 at 1064
nm [62]) have been achieved. Additionally PAnDs were shown to produce signif-
icantly stronger PA signals through the vaporization process than does the mech-
anism of thermoelastic expansion [64]. More recent studies have focussed on us-
ing absorbers with narrow absorption peaks for selective activation of differently-
coloured droplets [66]. Narrower agent absorption spectra give rise to the potential

spectral unmixing of agent signal for uses in a wider variety of PA modes.

These agents were developed in the hopes of addressing some of the lim-
itations of bubble agents, however they have limitations of their own. Narrow ab-

sorption spectra limit the wavelength at which agent activation can occur thereby
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limiting range of systems with which the same agent can be used. Conversely, too
wide of an absorption spectra makes spectral unmixing and other PA modes dif-
ficult to implement practically. Finally, because the agents are not FDA approved,

translation to clinic may experience significant delays.

In a similar fashion to PFC nanodroplets, activatable MBs and NBs have
been developed by adding shell and surfactant materials to a PFC emulsification.
Prior to activation, droplets feature a surfactant shell encompassing a liquid PFC
core; after activation the PFC core is vaporized and trapped within the surfactant-

shell [63].

Multimodal Bubbles

MBs are a natural approach for US/PA agents due to their acoustic be-
haviour. The integration of existing PA agents into bubble shells or cores has been
proposed to increase bubble optical absorption and enable optically-based contrast.
Improved efficacy has been shown of some molecular imaging agents when func-
tionalized with moieties targeted to specific molecules when compared to free un-
targeted agents. This was shown in the case of gold nanorods bound to the surface
of microbubbles [60]. The main contenders for PA agents and their integration into
bubble shells are (1) nanoparticles and (2) dyes. A comprehensive list of agents

produced to date is summarized in table 1.2.

Visible in table 1.2, the integration of previously developed PA contrast
agents into existing US MBs were used to increase the optical absorption of the
MB based contrast agent. The bubble agents developed utilized a variety of shell

materials and gases for the encapsulated core. Additionally, a broad spectrum of
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TABLE 1.2: PA Bubbles - Summary Table: blue: nanoparticle absorbers;
green: ink and dye absorbers; light green: MBs; bright green: NBs. (**
as reported in manuscript)

Absorber Absorption| Shell Core Bubble | Yield | Year| Cit.
Material Peak of | Mate- content | Diam.
Absorber | rial
Gold *760 nm | albumin | C3Fg 5 ym 3.8E9 | 2012| [46]
nanorods uB/mL
Avidinated | 525 nm lipid CyaFrp 45um | >1E7 | 2013| [72]
gold uB/mL
nanoparti-
cles
Graphene flat spec- | polyviny] air 3.6 yum | 3.5E8 | 2016| [73]
tra alcohol uB/mL
Gold *750 nm | lipid CyaFr n/a n/a 2015] [60]
nanorods
Black ink n/a lipid Ny 9.73 1E5 2018| [74]
pum uB/mL
Methylene 670 nm lipid Ny 4.72 1E8 2018] [74]
Blue Dye pm uB/mL
Methylene *667 nm | lipid CsFs 35um | 45E9 | 2014| [75]
Blue Dye uB/mL
Rose Bengal | 560 nm polymer | G3Fg 2.75 1E9 2014] [76]
pum uB/mL
Porphyrin **700 nm | lipid GFR & | 27um | 1- 2012( [77]
(solvent CyFp & 10E9
depen- SFs uB/mL
dent)**
Rose Bengal | 560 nm lipid CyqFro 1.7 ym | 1E9 2012( [78]
uB/mL
Indocyanine-| 340 nm lipid CsFg 1.29 n/a 2018| [79]
green pm
India Ink flat spec- | PLGA air 1.01 n/a 2010( [3]
tra pm
India Ink flat spec- | PLGA | air 0.29 n/a 2010] [3]
tra Um
Sudan Black | 600 nm | lipid CsFg 0.17 n/a 2018| [80]
(solvent pym
depen-
dent)
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bubble sizes have been generated where most agents are appropriately sized for
vascular imaging. It is also promising that the methods of agent production gen-
erate high yields; where reported, the yield of the bubble agents tend to be on the
order of ~ 10%, similar to that of PAnDs. Finally, the majority of US/PA bubble
agents developed have been produced in the last ten years, indicating that this is a

burgeoning research area.

Nanoparticles from gold spheres [72], gold nanorods [60][69], and graphene
nanosheets [73] offer large optical absorption necessary for initiating the PA effect.
Dove et al. reported a stronger PA response from gold MBs than that observed from
free nanoparticle solutions with the same nanoparticle concentration [72]. It was hy-
pothesized that the high nano-particle concentration surrounding the compressible
gas core allowed for laser energy to drive the resonant oscillations of the MB [72].
Similar results for another group were hypothesized to be a result of small NBs
produced at the perimeter of the MB [60]. In this study, Dixon et al hypothesized
that NB formation occured as a result of high local temperature increase. They also
hypothesized that the gas core provided thermal insulation and therefore added di-
rectivity to the thermal deposition of the incident optical energy. Dove et al. also
reported a minimal effect of nanoparticle loading on the MB b-mode and nonlin-
ear ultrasound intensities. A large absorption cross section, such as that exhibited
by gold nanoparticles, can lead to partial melting of the nanorods when irradiated
[81]. The melting process forces a shape-change of the gold particles upon laser
irradiation, and alters the absorbance peak of the agent, which can lower the pho-
tothermal conversion efficiency at the preset irradiation wavelength [70]. Moreover,
in the presence of a lipid/polymer or protein shell, agents may be destabilized or
destroyed. Finally, bioeffects (ie. biodegradation) of these agents are not well stud-

ied. Dyed agents can offer a safer and more stable alternative.
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MBs (~1 ym) and NBs (~290 nm) loaded with India ink have been fabri-
cated [3]. Made from the same protocol with a different filtration procedure, this
study discusses the versatility of production methods for dyed agents. Gelatin
phantom-embedded targets of India ink MBs and NBs were clearly visible by PA
macroscopy even when a piece of 18 mm thick chicken breast tissue was placed
between the targets and the optical source. These preliminary results suggest the
technical potential of using ink-integrated MBs and NBs for quantitative photoa-
coustic and US imaging in thick biological tissue [63]. The relatively flat absoprtion

spectrum of India ink, however, decrease the specificity of these agents in PA imag-
ing.

Methylene Blue bubbles containing PFC gas were produced by sonica-
tion and mechanical agitation [75]. Methylene Blue is a cationic stain and binds
to negatively charged parts of cells, such as the DNA and RNA. Methylene Blue is
a common stain for a large number of targets including identification of bacteria,
and delineation of cellular structure in both plant and animal cells. As a method
of acoustic characterization, frequency-dependent attenuation measurements were
performed using a narrowband pulse-echo method covering a frequency range of
1.5 to 12 MHz. No significant difference in the attenuation measurements of dyed
and undyed bubbles was seen. For PA, their findings show that with an increase in
number of MBs a suppression of PA signal while no US change is observed. Burst-
ing the MBs corresponded with short term PA signal enhancement. The researchers
also comment on the accessibility of the newly developed agents for clinical trans-

lation.

Recently, microfluidic methods of bubble production have been proposed.

Das et al used a flow-focusing microfluidic device for the generation of two types of
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PA-nitrogen microbubbles where (1) Methylene blue or (2) Black Ink provided op-
tical absorption [74]. Microfluidic MB production of the two agents was succesful
and produced relatively high yeilds, however Methylene blue MBs were produced
at a significantly higher yield than Black Ink bubbles (see table 1.2). Differences
in bubble yield may indicate instabilities caused by molecular interactions of the
Black Ink with the lipid shell. Das et al also calculated signal to noise ratios (SNR)
of both US and PA imaging experiments and compared for the two agent types.
SNR in both US and PA were higher from Black ink MBs than Methylene Blue
MBs. The discrepancy in US imaging SNR values of the Black Ink MBs and the
Methylene Blue MBs was attributed to the complex wall interactions between the
housing tubes and nearby Methylene Blue MBs [74]. Another factor which was not
discussed in their report was the effect of the bubble diameter on US backscatter.
Differences in SNR for PA were said to be negligible, however no mention of the
effect of differences in optical absorption of the two absorbers at the stimulating
wavelength was mentioned. Importantly, of the two agents produced, Methylene
blue is a currently FDA approved dye and would be likely to see faster translation

to clinic due to its rigorously investigated safety profile.

Similarly, Indocyanine Green (ICG) is one of the first optical contrast agents
approved by the FDA for clinical imaging applications [63]. It is commonly used
as a blood pool agent because of its strong binding to plasma proteins in the vascu-
lar system. The fluorescence emission peak of ICG falls in the near-infrared wave-
length range, enabling deep penetration of light through thick biological tissue [63].
Encapsulating ICG in PLGA MBs has also yielded dual-mode contrasts for simul-
taneous US and PA imaging [79].

Rose Bengal is a biological stain that adheres to dying and degenerating
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cells. It is a hydrophilic anionic photosensitizer. Rose Bengal MBs were developed
for the use of sonodynamic therapy to enable delivery of rose bengal to the target
site followed by its activation at that site. Rose Bengal sensitizer that was attached to
lipid-stabilized MBs produced conjugates that displayed toxic effects against cancer
cells both in vitro and in vivo upon exposure to ultrasound irradiation [78]. Similar
polymer agents were produced that successfully addressed the need for conjugates
with enhanced stability [76]. Although these agents were not originally proposed
for US/PA imaging, the high absorption coefficient of the photosensitizer Rose Ben-

gal makes the MB agent a potential contender for PA-triggered therapy.

Porphyrin is an end product of hemoglobin metabolism. Previously, the
formation of phospholipid bilayer nanovesicles entirely from porphyrin-lipid con-
jugates with structure-dependent photonic properties were introduced as biopho-
tonic contrast agents [82]. More recently, porphyrin-phospholipid conjugates were
used to create MBs having a porphyrin shell, and their US and PA properties were
investigated [77]. The inclusion of porphyrin-lipid in the MB shell increased the
yield, improved the serum stability, and generated a narrow volumetric size distri-
bution. Additionally, a theoretical approach was used to determine the MB shell
elasticity (increased with porphyrin integration) and shell viscous effects were de-
termined for the frequency range of 9-10 MHz as estimated by the resonance fre-
quency expected for the diameter of their MB population. It was hypothesized
that the increase in shell elasticity due to the porphyrin-lipid may contribute to
the increased yield and serum stability over MBs formed without porphyrin-lipid
[77]. These findings support the importance of investigating differences in acoustic

properties upon the addition of new agents to the bubble shell.

Recently, Sudan Black NBs were produced. Sudan Black B has been used
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for the sensitive and specific staining of phospholipids and intracellular lipids [83].
The formation of pores on the cell plasma membrane is known as poration. The pro-
cess of poration can be mediated by external energy sources such as sound (sono-
poration) or light (optoporation). In [80], a preliminary investigation on the use
of Sudan Black B-loaded NBs (lipid shell) to facilitate optoporation of individual
BT-474 cells that were targeted by the dyed NBs was proposed. Through the suc-
cessful use of Sudan Black B dyed NBs as PA agents reproducible poration was
achieved. No report, however, has been provided on the characterization of these
agents. With potential as US/PA agents a more thorough characterization of the PA

and US behaviours is needed.

Further improvement in process control and engineering optimization is
required for the production of monodisperse agents with high encapsulation rate,
productivity and reproducibility. Additional attention is needed for the strategic
use of optical absorbers that are biosafe and affect the stability of the agent mini-
mally. The impact on the acoustic response of the absorber integration in the shell

needs to be investigated.

1.3 Thesis Overview

US/PA multimodal imaging is a promising tool for early tumor detection
and diagnosis because of the vascular imaging capabilites of both modalities. It is
desirable to produce a single contrast agent that can address the cases in which both
US and PA modalities are used for biomedical imaging. Dyed bubbles can address
photon loss with depth by increasing the optical absorption in the region of inter-

est while simultaneously offering enhancement in US imaging through increased
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echogenicity and nonlinear bubble behaviour.

1.3.1 Project Motivation

When MBs are injected into the circulatory system and stimulated with ul-
trasound at the desired location, the ultrasound wave forces nonlinear oscillations
of the MB which are the main driver for effective contrast enhancement [15][16][17].
It is well established that the oscillations of the MBs are highly dependent on the
shell parameters of the agent [15][17]. Previous approaches using coated US con-
trast agents did not rigorously investigate the effects of dye integration in the bubble
shell on bubble dynamics or bubble stability in the context of US. Although Jeon et
al briefly investigated the effects of methylene blue dye on bubble attenuation, there
are several limitations to this study [75]. Firstly, the bubble attenuation represents
the combination of effects of (1) attenuation by bubble backscatter (a.k.a bubble
acoustic re-radiation) and (2) attenuation by acoustic energy damping. As a result,
a peak in attenuation measurement does not equate to a peak in bubble backscatter.
Secondly, the attenuation experiments that were conducted evaluated the bubbles
at a single pressure (25 kPA; relatively low), for a very small frequency window
(1-10 MHz). Considering the sensitive dependence of MBs to initial parameters, it
is possible that molecular effects of the dye on the lipid shell are not detectable un-
der the conditions that were tested. Thirdly, it has been suggested that a possible
mechanism leading to increased MB stability is an increase in shell elasticity and
decreased gas permeability[25], and that this can be altered with the presence of
added absorbers in a bubble shell[77]. Finally, NB capacity to extravasate beyond
the vasculature is greater than that of the MB due to small size. This extends reten-

tion of NBs in the target tissue and offers greater flexibility and sensitivity to cancer
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for US/PA multimodal imaging..

Closer attention needs to be paid to the effect of added constituents to NB
dynamics. If the process of integrating PA absorbers (dye) alters the NB shell prop-
erties, use in US applications without appropriate adjustments of incident acous-
tic parameters would result in suboptimal function. These effects remain under-

explored.

Motivating Data

Propylene glycol and glycerol (PGG) bubbles with Sudan Black B dye were
produced. Previous studies have estimated the organization of the shell constituents
of PGG bubbles as shown in figure 1.2. It is expected that the integration of Sudan
Black B into the lipid-shell formulation will destabilize the lipid shell of a NB. Su-
dan Black B is highly hydrophobic and is expected to line the internal portion of the
shell closer to the ends of the hydrophobic tails. An approximate schematic of the

organization of the shell is shown in figure 1.5.

Bilayer Architecture ﬁ Phospholipid

' °§§;‘f§°§ Lot

! Sudan Black B

FIGURE 1.5: SBNB shell architecture. Modified from [34]

It is possible that the Sudan Black B organization in the lipid shell further
separates the phospholipid tails. As the tails are further separated the already com-

pliant shell would increase in elasticity.
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Recently, a novel acoustic-based flow cytometer was developed and used
to detect individual nanobubbles flowing in a microfluidic channel using high-
frequency ultrasound and photoacoustic waves [84]. In this setup, the foci of high-
frequency ultrasound (center frequency 375 MHz) and nanosecond laser (532 nm)
pulses are used to generate ultrasound backscatter and photoacoustic waves from
the same single agents as they are passed through the system. In this report, the av-
erage maximum amplitude of the US backscatter signals from at least 950 nanobub-
bles with an average diameter of 225 nm was nearly half that from Sudan Black-
B dyed NBs (SBNBs). Additionally, this published work shows bubbles with the
dye in the shell suppressed unique features seen in the time—domain ultrasound

backscatter from the nanobubbles without dye.

Figure 1.6 shows one representative RF-line from each NB type, undyed
(mean diameter = 225 nm) and dyed with Sudan Black-B (SBNBs) (mean diameter
= 238 nm). After threshold filtering, from 100 RFlines, 100 power spectra were
obtained and averaged for the undyed and dyed NBs. This data is presented in the

rightmost pannel of figure 1.6.

Several key differences are visible when comparing the data of undyed
NBs and SBNBs in the frequency domain. At the center frequency of the trans-
ducer (375 MHz), where the transducer is more sensitive to linear bubble behaviour,
SBNBs express higher power than undyed bubbles. Bubble activity from undyed
bubbles increases at frequencies away from the center frequency of the transducer,
suggesting nonlinear activity. The SBNBs do not show peaks away from the cen-
ter frequency of the transducer and therefore, appear to behave in a more linear
manner than their unchanged counterpart; this can be a consequence of increased

shell elasticity. Overall, this data suggests that the contribution of Sudan Black in a
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FIGURE 1.6: (a) A single representative RF line of an coustically excited

nanobubble; (b) A representative RF line of an acoustically excited, Su-

dan Black dyed nanobubble; (c) A comparison of 100 averaged power
spectra for dyed and undyed nanobubbles

bubble shell can alter the acoustic signature of the NB.
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Hypothesis and Specific Aims

Hypothesis

The integration of Sudan Black B dye into the lipid-shell of a NB affects the
bubble dynamics in response to ultrasound as a result of changes to the physical

properties of the bubble shell.
Specific Aims
The specific aims of this work are:
1. Produce nanobubble formulations with varying Sudan Black B content

2. Visualize bubbles, test production yield and determine bubble size distribu-

tion
3. Test bulk shell-material surface tension
4. Test acoustic bubble response for single bubbles and bubble populations

5. Demonstrate simultaneous ultrasound and photoacoustic multimodal con-

trast
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Chapter 2

Methods

2.1 Contrast Agent Production and Validation

2.1.1 Lipid Sample Preparation

All bubble samples were produced in-house. The base protocol for the
production of ultra-stable propylene glycol with glycerol bubbles (PGG bubbles)
used for the current work was previously published [34]. The protocol with the

addition of Sudan Black differs minimally from the published work.

The lipids 1,2-dibehenoyl-sn-glycero-3-phosphocholine (DBPC), 1,2-dipalmitoyl-
sn-glycero-3-phosphate (DPPA), and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine
(DPPE) were obtained from Corden Pharma (Switzerland), and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(poly(ethylene glycol))-2000](mPEG-DSPE)
(ammonium salt) was obtained from Laysan Lipids (Arab, AL). All materials were

used as received. When not in use, lipids were stored at -20 °C.
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TABLE 2.1: Lipid Shell Components

| Material | Amount |

DBPC 60.1 mg
DPPA 10 mg

DPPE 20 mg
DSPE-mPEG 10 mg
Propylene Glycol 1.03 g

PBS 8 mL
Glycerol 1mL

Prior to use, lipids were set to rest at room temperature for 15 min. A wa-
ter bath was prepared at 80 °C for later use. A sonicator (1510 Branson, Branson
Ultrasonics Corp., CT, USA) was filled with deionized water at 22 °C, also for later
use. Glycerol (Acros Organics, NJ) was lightly mixed and dissolved into phosphate
buffered saline (PBS) (Wisent Bioproducts, QC, Canada) and set aside at room tem-

perature.

Lipids were measured according to the protocol in [34] and as listed in Ta-
ble 2.1 and placed in a 20 mL glass vial (Fisherbrand, PA, USA). Each lipid type
was measured separately on weighing paper (Fisherbrand, PA, USA) using an en-
closed electronic scale (Scientech, CO, USA). Propylene Glycol (PG) was added to
the lipids and placed under 80 °C in the water bath for 30 minutes or until a homo-

geneous solution of dissolved lipids in glycerol was achieved.

Sudan Black B (SB) dye (Sigma Aldrich, ) was measured in amounts of 0,
1,2, 3, 4, or 5 mg on weighing paper and added to dissolved lipid-PG solution. SB
was fully dissolved in lipids under heat. The 20 mL vial containing the lipid-PG-SB
solution was intermittently swirled and replaced into the hot water bath until there
were no visible precipitates remaining. The PBS-glycerol mixture was heated to 80

°C in the water bath. When both solutions, lipid-PG-SB and PBS-glycerol solutions
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reached 80 °C the PBS-glycerol mixture was added 1 mL at a time followed by
swirling into the lipid-PG-SB solution. When the full 9 mL volume of PBS-glycerol
was added and lightly mixed into the lipid solution, the vial was sonicated for 15
min. The final 10 mL yield was aliquoted into ten 1 mL aliquots in 1.5 mL vials and

sealed by a rubber cap.

The final vial yield following this protocol was 60 vials of 1 mL lipid so-
lution with 10 vials of 1 mL for each SB measurement (see fig 2.1). The final SB
concentration in the vials was 0, 0.1, 0.2, 0.3, 0.4, or 0.5 mg SB per 1 mL lipid solu-
tion (see fig 2.1 and 2.2).

FIGURE 2.2: Final SBNB Vials - 1 mL Alliquots

2.1.2 Nanobubble Activation and Isolation

Internal gas was exchanged in order to prepare the vials for bubble activa-

tion. Briefly, a 25G needle (Becton Dickinson (BD), NJ, USA) attached to a 20 mL
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syringe (Becton Dickinson (BD), NJ, USA) was used to remove gas from the vial.
This was repeated 6 times. A 10 mL syringe (Becton Dickinson (BD), NJ, USA) with
a 25G needle attached was filled with octafluoropropane (C3F8) (Synquest Labrato-
ries, FL, USA). Using this filled syringe the vial was punctured through the rubber
seal. The rubber seal was then punctured with a second needle for venting and the
octafluoropropane-filled syringe was depressed into the vial. Both needles were

removed from the vial to complete the gas exchange process.

To activate the lipid solution, the bubble vial was shaken using a Vialmix
(Bristol Myers Squibb(BMS), NY, USA) mechanical shaker for 45 seconds. After
shaking, the vial was inverted and centrifuged (MXIE TD5A-WS) for 5 min at 50 rcf
(550 rpm). After centrifugation the vial was kept inverted during the sample draw
to limit mixing of activated bubbles and help control for bubble size distribution.
To collect the sample from the bubble vial, the penetration depth of the 18G needle
into the vial was controlled by cutting a needle cap such that when placed over the
needle. Only 5 mm of the needle tip stuck out. Without inverting the vial, using
an 18G needle (Becton Dickinson (BD) with cut cap and a 1 mL syringe 300 pL of
activated bubbles was drawn from the bottom of each vial. This 300 uL was used

as activated stock bubble solution.

2.1.3 Bubble Filtration

For filtered bubble samples, activated stock bubble solution was diluted
in PBS in an 1:9 dilution and was used to fill a 3 mL syringe. A single use filter
unit (FroggaBio, ON, Ca) with 450 nm pore size was attached to the tip of the 3 mL

syringe. The syringe was depressed by hand at a rate of ~1 droplet per 5 seconds
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until there was no remaining fluid. The refuse was collected by a 5 mL centrifuge

tube for later use.

2.1.4 Transmission Electron Microscopy

TEM images of the bubbles were obtained using a FEI Tecnai G2 Spirit
BioTWIN TEM operated at 120 kV based on a previously reported method [85]. A
dilute suspension of the sample (10 uL) was placed upside down on a 400 mesh
Formvar-coated copper grid. The sample was then stained with 2% uranyl acetate

after which the sample was allowed to dry for 30 min.

2.1.5 Bubble Sample Validation - Concentration and Size

Bubble vials of each sample type ( 0 mg/ml, 0.1 mg/mL, 0.2 mg/mL, 0.3
mg/mL, 0.4 mg/mL and 0.5 mg/mL SB) were activated. From the stock solution, a
11in 500 dilution of activated bubbles was prepared for each sample type in PBS and
sized using the Archimedes resonant mass measurement (RMM) system (Malvern
Panalytical, MA, USA) (figure 2.3). RMM has been established as a successful tech-
nique for counting and sizing of suspended buoyant and non buoyant particle types
[86]. A microfluidic pathway flows particles past a resonating cantilever (see figure
2.3b)causing a measurable shift in frequency proportional to the size and density
of the particle. Using RMM, buoyant-particle concentration and diameter of the 1
in 500 dilutions were determined. Filtered bubbles were prepared in 1 in 10 dilu-
tions due to bubble destruction caused by the filtration process. This process was
repeated three times for each sample type (see Appendix A for sample distribution

curves).
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Fraguency Shift (miz)

(A) System (B) Resonating cantilever with an ex-

ample of frequency shift caused by a
passing particle

FIGURE 2.3: Archimedes Resonant Mass Measurement System.
Adapted from [87]

2.2 Testing Shell-Material Properties

Shell material properties were estimated by measurement of the bulk lipid

material without bubble activation.

2.2.1 Surface Tension

A CAM 200 optical goniometer by KSV Instrument, Ltd. with a pendant
drop tensiometry setup was used to measure the surface tension of the various sam-
ple types at a lipid to air interface. A flat tipped needle (0.48mm O.D.) was used.
In pendant drop tensiometry, gravity is responsible for the deformation of the sam-
ple. The deformation is used to quantify interfacial tension through a fitting algo-
rithm to the Young-Laplace model. In order to maximize the deformation caused
by gravity on the droplets and to obtain the most accurate results [88], samples

were extruded from the needle to hold the largest possible, stable droplet (sample
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(A) PGG (B) 0.1 mg SB (C) 0.2mg SB
(D) 0.3 mg SB (E) 0.4 mg SB (F) 0.5mg SB

FIGURE 2.4: Lipid solution Pendant droplets for surface tension mea-
surements; (scale bar = 0.5251 mm)

droplet images provided in figure 2.4). Water was used for accurate calibration of

the system. Measurements were collected at 22.3 +/- 0.3 °C.

2.3 Single Bubble Acoustic Stimulation

2.3.1 System

The acoustic stimulation of single SBNB agents was studied using the Vevo
770 US system (figure 2.5). A focussed RMV-710B transducer (f-number 2.1; aper-
ture 7.14 mm; focal length 15 mm) with center frequency of 25 MHz and 100%
bandwidth was used. This transducer has a mechanical scan head which oscillates

laterally as it scans a fixed region of interest as defined by the specifications outlined

43



in Table 2.2.

FIGURE 2.5: Vevo770 System and RMV-710B focused transducer in a
beaker of 500mL water. Adapted from [13]

TABLE 2.2: Single-Bubble ROI Specifications

| Specification | [mm] |
Depth 14.57
Length 3.29
Position 6.24
Width 0

Bubbles were stimulated with 30 cycle pulses at 25 MHz at varying pres-
sures controlled by % transducer power. Exact pressures used are shown in table
2.3. Calibration of the US transducer was done in a previous study [89]. For each
power setting, 25 data sets were collected. Each data set contained 100 RF lines
where one RF line represents the measured backscatter data associated with the
material along the axial path of the transducer. A total number of 12,500 RF lines
were collected for the 0, 0.2 and 0.4 mg SB samples. This experiment was repeated

three times from three different vials of the 0, 0.2 and 0.4 mg SB samples.
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TABLE 2.3: Single Bubble Ultrasound Pressures

| % Transducer Power | Pressure [MPa] |
6 0.2
20 0.6
32 1.0
63 2.0
100 3.0

2.3.2 Experimental Setup

An activated and filtered bubble solution was used. Immediately after
filtering, the Archimedes system was used to determine the bubble concentration
(Aconc). Using the dilution-corrected Archimedes concentration (Aconc*Dil), the
volume of nanobubbles (V) was determined such that, when added to a 500 mL
volume of DI water, a final concentration of ~ 2000 NBs/mL was produced. This

was calculated through:

2000NBs 1 1E3uL
— T L) -
1mL (500mL) Aconc = Dil 1mL

14 (2.1)

Five beakers, each containing 500 mL deionized water were prepared and
allowed to rest for 15 min at room temperature. The volume V as determined above
was added to one of the five beakers of DI water. The diluted solution was gently
stirred to disperse the bubbles. The transducer head was submerged into the beaker
and held in place 3 cm below the surface of the water by a clamp. A new dilution
with the same solution volume was prepared for each pressure of the transducer to

ensure high numbers of measurements that were concentration independent.
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2.3.3 Data Analysis

RF data from the VEVO 770 system was exported and saved for further
analysis. Analysis of the data was executed in Matlab R2019b. Base code for data
analysis was adopted from previously developed methods [13]. Those methods are

summarized here, in brief.

All RF lines from all data sets were stored and saved in an array. To prepare
the data for analysis, the RF data was converted from time to frequency domain
through application of the fast fourier transform. This yielded the power spectra
of the data. Attenuation effects were accounted for based on expected frequency-
dependent attenuation effects of an acoustic wave travelling in water by multiply-
ing the signal by a correction factor determined by the expected attenuation experi-
enced as a function of distance from the transducer. The data was then ready to be

passed through a set of criterion for classification as single bubble signals.

RF lines lacking bubbles, truncated RF lines, or lines wiht signal from more
than one bubble were removed. Signals that had a maximum peak below a 0 dB
threshold in the power spectra were interpreted as RF lines lacking bubbles and
were therefore discarded. By ensuring that the first and second peaks, as well as the
last and second last peaks found in the RF line (time domain), fell below a bubble
threshold of 50% of the max peak of that RF line, truncated signals were identified
and removed. Additionally, RF lines that had 33 or more peaks above 50% of the
power spectra max were determined to have excessively high noise or more than
one bubble and were discarded. Finally, a peak to peak noise threshold comparing
the non-bubble portion of the RF line to the noise threshold for each particular ex-

periment was set as 2.5. Signals above this threshold were interpreted as having
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more than one bubble and were discarded. Remaining signals that passed these

criteria were displayed for viewing and classification.

Accepted signals were classified as either linear or nonlinear responses. A
linear oscillation has a minimum and maximum radius that is consistent through-
out most of the oscillation. Such signals were labelled p1. In some cases, linear
signals occurred such that a steady increase or decrease in amplitude with cycle
number was detected. Such signals were labelled as ple sy Or plyiss respectively.

Samples of linear signals are shown in figure 2.6.

p1: Representative Signal p1growth: Representative Signal p1idiss : Representative signal
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(A) Pl (B) plgrowth (C) Pldiss

FIGURE 2.6: Representative signals for linear oscillations

Nonlinear signals could show consistent patterns in integers (every 2 peaks;
every 3 peaks; every 4 peaks) and thus were labelled p2, p3, p4, p5, p6 or p7 de-
pending on the pattern observed. The signal was classified based off of the most
commonly occurring repetitive sequence in the RF line. For some signals, there is
no obvious pattern in oscillation. There is evident nonlinearity due to the different
heights in peaks of RF lines however there is not a reliable, repeatable sequence.
These signals have been denoted px. Samples of nonlinear signals are shown in fig-
ure 2.7. For signals were only a subset of the cycles exhibit the periodic behaviour,

a red box is used to indicate where the periodic behaviour can be viewed.

In some cases, the signal demonstrated a bubble that does not complete
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FIGURE 2.7: Representative signals for nonlinear bubble oscillations

all 30 oscillations and thus, bursts. This was also evident in signal power spec-
tra which would have more broadband shapes in comparison to the other signals.
These broadband signals were classified as Burst and analyzed separately (see fig-

ure 2.8 for a time domain representation).

Burst: Representative Signal
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FIGURE 2.8: Representative signal of a bursting bubble.

Once the signals were isolated, the classified signals were examined to
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track the total number of signals that are classified into the five groups: (1) lin-
ear, (2) linear and increasing in amplitude (growth), (3) linear and decreasing in

amplitude (dissolution), (4) nonlinear and (5) burst signals.

24 Multimodal Imaging

2.4.1 Experimental Setup

PA and US multimodal imaging was done using the Vevo LAZR 2100 sys-
tem with LZ250 transducer operating at 21 MHz central frequency (13-24 MHz
bandwidth) (figure 2.9). The transducer is a 256-element linear array transducer
coupled with a laser (A = 680 — 970 nm) system (figure 2.10a). The transducer and

laser have a common focus at 11 mm imaging depth.

Vevo LZ series Vevo LAZR  Vevo 2100
Vevo LAZRTight MicroScan transducer cart ultrasound cart

FIGURE 2.9: Vevo LAZR 2100 System
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FIGURE 2.10: Vevo LAZR- Multimodal Imaging Setup: (A) LZ 250

Transducer and laser; 21 MHz central frequency (13-24 MHz band-

width. (B) experimental setup with phantom, trasnducer and laser
alignment with respect to vessels for cross-sectional imaging

In multimodal imaging mode on the Vevo LAZR, alternating laser and US

pulses are delivered to a fixed ROL

10%, 10kPa Polyacrylamide phantoms containing six Imm diameter ves-
sels were prepared the day of imaging using degassed, deionized (DDI) water. The
deionized water was degassed using a SRDS-1000 (FUS Instruments, Toronto) wa-
ter degassing system. For each phantom, the polyacrylamide solution was prepared
and poured into a 2 cm by 2 cm holder with six parallel fire-polished borosilicate
vessels, each 1 mm in outer diameter. The six borosilicate vessels were carefully re-
moved after polymerization of the polyacrylamide solution and the phantom was
removed from the holder for temporary storage. In storage, phantoms were hy-

drated in PBS in a beaker at room temperature.

Prior to imaging, the vessels were filled with activated solutions of SBNBs
each at a 1: in 30 dilution. The phantom was replaced in the phantom holder and

the vessels were sealed at the ends using glass slides. The sealed phantom-in-holder
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was placed in a DDI water bath for imaging. The center of the vessels were approx-

imately aligned at the laser-transducer focus (see setup schematic in figure B.2).

US and PA RF data were acquired simultaneously when acquiring PA im-
ages. US images were collected at 4% transducer power (1.890 MPa) and PA images
at 100% laser power at a wavelength of 700 nm. 25 frames of US and PA images
were acquired and were subsequently analyzed using MATLAB. The gain for US
imaging was set at 35 dB for each measurement and the gain for PA imaging was

set to 60 dB for each measurement.

2.4.2 Data Analysis

US/PA data from the six contrast agents were analyzed using Matlab R2019a.
The laser energy was recorded for each frame and used to normalize the PA RF-data

before further analysis.

To analyze the intensity differences for each vessel, a mask was created
of circles with centers corresponding to the centers of the vessels and diameters
matching vessel diameter (as determined from the US image). The mask was mul-
tiplied by the log-compressed RF-matrix to isolate the signal from each vessel. The
average signal from a vessel was determined by taking the mean signal expressed
by all pixels within a single vessel region. This was determined and averaged for all
25 frames and all 9 cross sections of the same vessel type. The standard deviation
of the mean vessel signal of the 9 cross sections of each vessel was determined. The
maximum signal from all pixels within a vessel region was also determined with an

average and standard deviation of all 9 cross sections.
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To analyze the harmonic content generated by the bubbles within the ves-
sel a square ROI was selected from within each vessel region excluding the bound-
ary regions of vessels. The RF-line was plotted without a log compression. From
the RF-line the Fast Fourier Transform was applied and the power spectra of each
RF-line from each vessel was averaged for all 25 frames of all 9 cross sections. The
normalized power spectra were obtained by dividing the spectra by its correspond-

Ing maximum power.

2.5 Statistical Testing

Where applicable, a test of significance was done to identify differences be-
tween groups. In statistics, one-way analysis of variance (ANOVA) is a technique
that can be used to compare means of two or more samples using the F-distribution.
ANOVA tests the null hypothesis, that samples in all groups are drawn from pop-
ulations with the same mean values. The ANOVA produces a statistic (F-statistic)
that represents the ratio of the variance among the means to the variance within the
samples. The p-value is the probability that the test statistic can take a value greater
than the value of the computed test statistic. A higher F-statistic implies that at least
2 samples were drawn from populations with different mean values. The p-value is
used to define statistical significance between the means of populations that exhibit
the highest differences. If the results of a one-way ANOVA indicate differences in
the means, pairwise comparison results from a multiple comparison, Tukey-Kramer

statistical test were used to identify which groups differ from one another.

A one-way ANOVA test using the MATLAB R2019a ®function anoval()
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was used for an initial assessment of statistical significance of mean differences be-
tween formulation types. By convention researchers use a sliding scale (summa-
rized in table 2.4) to classify results from a statistical test where the comparison of
the p-value to the test statistic provides information on the level of significance [90].
If a small p-value (p < 0.05) was obtained, it was determined that at least two groups
exhibit significant differences. In order to identify which groups were different, a
multiple comparison of means was performed using the statistics from the one-way

ANOVA test and the function multcompare() in MATLAB R2019a®.

TABLE 2.4: Statistics Table: Sliding scale of statistical significance

| P-value | Significance Level |
p <0.01 highly significant
0.01 <p<0.05 statistically significant
0.06<p<0.1 tending toward statistical
significance
01<p not statistically significant
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Chapter 3

Results and Discussion

3.1 Results

3.1.1 Agent Validation

TEM images of the agents after activation were collected. With a scalebar
of 200nm, the representative TEM images of 0 (figure 3.1a), 0.3 mg (figure 3.1b) and
0.5 mg (figure 3.1c) SBNBs are shown. These images present evidence of NBs with
~300 nm diameter. Dark ridges on the bubble surface show what is thought to be
shell buckling. Also present in the background of the images are flecks which are

attributed to patches of density differences due to the nonbuoyant lipid population.

Using the Archimedes mass resonant measurement system, the average
buoyant particle concentration of three measurements is presented for each acti-
vated SBNB formulation in figure 3.2a. Bubble yields were consistently orders
of magnitude higher than previously developed agents (1 x 10 as compared to
1 x 10 ). From a one-way ANOVA test to compare the differences between all of

the measured concentrations, an F-statistic of 2.9993 and a p-value of 0.0552 was
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FIGURE 3.1: Transmission Electron Microscopy images of SBNBs
(scalebar = 200nm)
obtained indicating that differences between bubble yields for various SBNB for-
mulations are not significant (ns).
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FIGURE 3.2: Resonant Mass Measurement Data - SBNB concentration
and diameter
The average buoyant particle diameter is presented comparing each of the
6 formulations (see figure 3.2b). From a one-way ANOVA test, which compares
the differences between all the average measured diameters of all formulations, an
F-statistic of 2.39 and a p-value of 0.1001 was obtained indicating that differences
between the average bubble diameter for varying bubble formulations were not

significant.
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3.1.2 Surface Tension

From pendant drop tensiometry measurements, the surface tension from a
droplet of each lipid formulation was tested 20 times. The results of the tensiometry
measurements for surface tension are presented in figure 3.3. Compared to water
droplets, there is a reduction in surface tension. A steady increase in surface tension

is expressed as a function of SB contribution peaking at 0.4 mg/mL.

Droplet Surface Tension n = 20
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FIGURE 3.3: Surface tension as measured from bulk droplets of lipid

solution with varying contribution of SB. Data points are the average

of 20 measurements and errorbars represent the standard deviation (*

denotes statistical significance; ns denotes no statistical significance).
Water was used to show accurate calibration.

From a one-way ANOVA test to compare the differences between the mea-
sured tensions, an F-statistic of 93.42 and a p-value of 1.16e-38 was obtained. This
indicated statistically significant differences between at least two droplet types. A
multiple comparison of the mean surface tension of the droplets was performed to
identify groups of significance (summarized in table 3.1). As shown by the hori-

zontal bars in figure 3.3, all lipid formulations with SB dye were determined to be
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TABLE 3.1: Lipid-Droplet Surface Tension

SBNB type | Average Standard
Surface Deviation
Tension [N/m?]
[N/m?]
0 mg/mL 52.360 +2.114
0.1 mg/mL | 54.936 + 0.518
0.2mg/mL | 56.542 + 1.239
0.3mg/mL | 57.829 + 0.635
0.4 mg/mL | 59.638 + 0.844
0.5mg/mL | 58.471 +1.263

statistically different (*) from the 0 mg/mL formulation. Each formulation type had
statistical significance when compared to the formulation with 0.1 mg/mL differ-
ence in SB solution concentration. However, the difference between the 0.3 mg/mL
lipid and 0.5 mg/mL lipid was determined to be insignificant (ns). Water droplets

were not included in the significance tests.

3.1.3 Single Bubble Excitation

The total number of registered signals above threshold from a singular
bubble with respect to acoustic pressure is presented in figure 3.4. The classified

linear and nonlinear signal counts were compared as a function of SB contribution.

Upon excitation of activated, diluted, and pore-filtered SBNBs, differences
were seen between the total number of detected bubbles. This is visible upon com-
parison of the y-axes in 3.4. SB formulations generated signal counts on the same
order of magnitude of each other and approximately half that of the 0 mg/mL for-

mulation, at approximately equal initially concentrations of NBs.

The lowest bubble activity was recorded at the minimum pressure (0.2
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FIGURE 3.4: Single Bubble Signal Count as a function of acoustic pres-
sure (n = 3)
MPa) for all three formulations. Here, we use bubble activity to refer to the num-
ber of counts registered above threshold. At this low pressure, the 0 mg/mL SBNB
formulation generated the most counts. Detected bubble behaviour by all formula-
tions at 0.2 MPa was dominated by p1 signals. No nonlinear signals were detected
at 0.2 MPa. As the pressure of the incident acoustic wave increased, an increase in

the number of linear and nonlinear counts was recorded.

At 0.6 MPa, the number of plg,q, and plg;ss signals increased. The counts
of plgrowtn signals were recorded maximum at 0.6 MPa and decreased with increas-
ing pressure. This peak at 0.6 MPa was consistent among all three formulations
tested. Additionally, as the SB contribution increases, the number of plgoy, sig-
nals detected increases (red line) and dominates the number of signals detected.
Here, more p1 signals (blue line) were recorded on average than plg,q, signals
(red line). In the case of 0.2 mg/mL formulation, p1 and plgou signal counts were
approximately equal. The 0.4 mg/mL formulation, however generated counts of
Plerowtn signals that surpassed p1 counts. This increase in bubble growth behaviour
is an indication that the addition of SB to the bubble lipids increases the tendency

for gas exchange across the NB shell.
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Beyond 0.6 MPa, counts of linear signals (p1, p1 growths and ply ;) decreased.
The maximum number of p1 signal counts occurred at 0.6 MPa, after which the
count decreased (blue line). A peak in nonlinear signals occurred at 1 MPa for all
NB formulations (purple line). A steady increase in bubble bursting started at 1
MPa and peaked at 3 MPa (green line). No bubble bursts were detected before 1

MPa for any of the NB formulations.

In order to identify the types of signals that most significantly contributed
to the total number of signals detected by a particular formulation, the average
percent of registered signals above threshold for each signal type was plotted and
compared (see summary table in Appendix A). This data is presented in figure 3.5.
A test of significance was done to compare the average contributions of each signal
type to the total number of registered signals (statistical data provided in Appendix
A).

0 mgSB Signals 0.2 mgSB Signals 0.4 mgSB Signals

25% 23%

46%
4%
2%

15%

1% 10% 28% 46%

FIGURE 3.5: Average Contribution of signal types to total signal count
summed over all pressures (n = 3); average total number of signals =
511 (0 mg/mL), 261 (0.2 mg/mL), 246 (0.4 mg/mL)

In figure 3.5, no apparent trend is observed for p; signals. However, upon
the addition of SB dye,the number of plgy,, increases with statistical significance.
On average, the plg,o, signals contribute approximately twice as much to the total

signal count of 0.2 mg/mL SBNBs compared to the NBs without dye. Similarly
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the 0.4 mg/mL SBNBs had ~three times more plg, s, signals than the 0 mg/mL
NBs. This data further supports the idea that the addition of SB to the bubble lipids
increases the tendency for gas exchange across the NB shell. No apparent trend with
increasing dye concentration is observed for pl,;ss oscillations. The number of the
various p, signals were low (see Appendix A). However, the contribution of all p,
signals to the total number of signals detected from the NB formulation decreased
with increasing SB concentration tending toward statistical significance (p < 0.1).
This data is consistent with the idea that the addition of SB to the bubble lipids
decreases the nonlinear behaviour of the NBs. Additionally, as observed in figure
3.5, the total contribution of bursting signals decreased as a function of SB. Burst
signal counts and total signal counts, however, varied greatly across samples and
therefore this trend was not established with statistical significance (see Appendix

A).

3.1.4 Multimodal Imaging

Multimodal US/PA images were collected using the Vevo LAZR system.
A representative image of the 6 vessels filled with a 29:1 (PBS:SBNBs) dilution as a
function of SB is shown in figure 3.6. The top image is the PA image and the bottom

image is the corresponding US image collected simultaneously.

The PA image in figure 3.6a shows only 5 clearly identifiable vessel cross
sections with increasing PA signal amplitude. The increase in signal corresponds to
the increase in dye contribution. As expected, the first vessel, containing undyed
NBs generated little detectable signal due to the low absorption profile of lipids. In

comparison, in figure 3.6b all 6 vessels are clearly identified in the US image. High
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FIGURE 3.6: Representative US/PA multimodal images with vessels
containing 1:29 dilution of 0 mg, 0.1 mg, 0.2 mg, 0.3 mg, 0.4 mg, 0.5 mg
Sudan Black from left to right
amplitude signal at the top of each vessel cross section corresponds to differences
in acoustic impedance caused by the vessel walls. Within the vessel, US speckle
indicates the presence of unresolved scatterers. In contrast to the PA image, the US
images featured small differences in backscatter between the bubble populations in

the vessels of the figure 3.6b.

An analysis of the average PA and US power is summarized in figure 3.7.
An analysis of the the maximum vessel power averaged across all vessel cross sec-
tions is summarized in figure3.8. Horizontal lines marked by a star (*) are used
to indicate groups that are statistically different from one another, as determined
from one-way ANOVA and multiple comparisons tests. Table 3.2 summarizes the
F-statistics and p-values obtained from the ANOVA tests describing the significance

of the null hypothesis that no mean signal measured was different from another.
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Tests that produced a small p-value (p < 0.05) were followed by a multiple compar-
ison test. The total number of statistically different groups from each signal mea-
surement was also reported in table 3.2. Pairs with statistical significance are also
denoted in each of the summary figures (3.7 and 3.8) by a star. Table summaries of
pairwise statistics associated with figures 3.7 and 3.8 are provided in Appendix A.
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FIGURE 3.7: Average PA and US signal from SBNBS

The computed average PA power from the vessel cross sections (figure
3.7a) shows that an increase in average PA power occurs with increasing SB solution
concentration. This was consistent with the visual in figure 3.6a. The differences
between the average PA power of any SB dyed bubbles with the undyed bubble
formulation was statistically significant. Additionally, the Average PA Power of the
0.5 mg bubble formulation was also determined to be different from the other NB
formulations with statistical significance. The groups with SB dye ranging from 0.1-
0.4 mg SB B integration were determined not to be statistically different from one

another.

The computed average US power from the vessel cross sections (figure

3.7b) showed a trend of increasing power with increasing SB (visible in figure 3.6b).
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FIGURE 3.8: Average PA and US signal from SBNBS

TABLE 3.2: Vevo LAZR Imaging: one-way ANOVA Statistics

Experiment F-statistic | P-value
type

Average PA 14.54 1.135E-8
Average US 9.11 3.825E-6
Maximum PA | 8.01 1.486E-5
Maximum US | 1.86 0.118

A test of significance indicated a statistical difference between 0.1, 0.2 an 0.3 mg/mL
SBNBs in a pairwise comparison with undyed NBs (see statistical comparison in
Appendix A). Statistical difference between the average US power of 0.5 mg SBNBs
and 0.4 mg SBNBs was also established. However, the groups with SB dye ranging
from 0.1-0.4 mg SB integration were determined not to be statistically significant in

difference from one another.

When comparing the average maximum PA power shown in figure 3.8a
statistical analysis identified significance between the maximum power generated
from undyed bubbles, and any of the SBNB formulations. No significant difference

was expressed in maximum PA power between varying formulations with SB. No
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significant difference was found between the maximum US power for the various

SBNBs.
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FIGURE 3.9: Average PA and US power spectra from SBNBS

In the frequency domain, the average power spectra of RF-data from within
vessel regions were averaged for PA and US, and normalized to their maximum

power as presented in figure 3.9.

The PA power spectra (figure 3.9a) are consistent the time-domain data
with respect to differences in power from various vessels. The 0.5 mg SBNBs gen-

erated the highest peak power in spectra and all vessels produced signal above
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the noise floor. When investigating the normalized PA power spectra (figure 3.9¢)
SBNBs produce a narrower spectra than the 0 mg NBs. No clear difference appears

between the various spectra from dyed NBs.

The US power spectra (figure 3.9b) show minimal separation between the
various NB types. The SBNBs signals produced overlapping spectra. The 0 mg NBs
spectra presents sharper defined features in the form of peaks at ~16 and ~19MHz.
The lowest peak power was generated by the 0 mg NBs (light blue line). All SBNBs
generated acoustic power over 150 dB above the noise floor (brown line) at the

central frequency, indicating a high signal to noise ratio.
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3.2 Discussion

3.2.1 Agent Validation

TEM images of the agents in figure 3.1 provide evidence of NB popula-
tions. The number of images collected are too few to make a conclusion on the
average differences in bubble shape and quality between SBNB types. However,
dark ridges on the bubble surface show shell buckling which is thought to play an
important role in bubble dynamics [10]. Bubble background in TEM images show
populations of nonbuoyant particles visible as flecks. This is most evident in figure

3.1a.

Archimedes testing of SBNB concentration and diameter (figure 3.2) pro-
vide no evidence of differences between SBNBs. Despite visible trends in the data,
the standard deviation of the populations represented by the errorbars in figure 3.2
are too high. Representative size distribution curves for the various SBNB formula-

tions are provided in appendix A.

3.2.2 Surface Tension

In pendant drop tensiometry, the drop dimensions (figure 2.4) are affected
by the incorporation of surfactants. Fitting the drop dimensions to the Young-
Laplace equation yields a measure of surface tension. Measured differences in sur-
face tension for the various SB lipid formulations were found to have statistically
significant differences. In figure 3.3 from 0 to 0.4 mg/mL a linear trend is evident of

increasing surface tension with SB contribution. Upon the lowest addition of SB to
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the lipid solution (0.1 mg/mL), a 1% increase in surface tension was measured com-
pared to the control (0 mg/mL). The maximum change in surface tension measured
was from the 0.4 mg/mL lipid formulation (13.9% higher than the control). Beyond
0.4 mg, the measured difference in surface tension decreased. This decrease could
be an indication of a critical concentration of SB. If so, at concentrations above the
critical threshold, further addition of SB may not incorporate into the membrane. A

study of SB precipitation may address this question.

For the results presented, surface tension values obtained were measured
at the air-lipid interface. Because the SBNBs use a PFC gas core, a more accurate
measurement of the NB tension would use a PFC atmosphere. Pendant Bubble Ris-
ing Drop methods would usually be able to achieve this by producing gas vesicles
inside the lipid solution using a syringe equipped with a J-shaped needle. This
setup, however, requires the lipid solution to be transparent and is therefore not a
practical setup for the opaque SBNB lipid solution. Evidence has been presented to
suggest that the decrease in surface tension for the PFC-lipid interface in compari-
son to the air-lipid interface is approximately linear [91]. Therefore, the differences
in surface tension observed here can be assumed to exhibit the same trend for the
PFC-lipid interface. Overall, SB increases the surface tension at the air-lipid inter-

face.

The mechanism behind the higher stability and acoustic backscatter of NB
populations in comparison to theoretical predications is thought to be, in part, in-
fluenced heavily by the biophysical properties of the bubble-stabilizing shell. The
Laplace pressure predicts size-dependent stability of an uncoated NB as a result of
pressure differences on either side of the bubble wall. Recently, changes in mem-

brane surface tension at different degrees of compression via optical tensiometry

67



experiments were shown to correspond to differences in bubble stability [91]. The
surface tension measurements presented here may influence the overall stability of
SBNBs (see Appendix), however, the effects of SB on NB stability have not been

rigorously investigated.

It has been numerically and experimentally established that the gas from
a bubble will readily dissolve in water, driven by the undersaturation of dissolved
gas in the surrounding aqueous solution and the surface tension of the gas bubble-
water interface through a Laplace overpressure in the bubble [92][93]. Surface ten-
sion generates a higher pressure inside the bubble and drives the diffusion of gas
across the membrane [24]. Therefore, the SB dependent increase in surface tension

as established in figure 3.3 contributes to gas transfer across the membrane.

3.2.3 Single Bubble Excitations

Most prevalent in the single bubble experiments is the trend of increasing
bubble growth with increasing SB contribution. Our single-bubble excitation find-
ings of shell permeability are in agreement with findings of differences in surface
tension and the modelling by Sarkar et al. In that work, added interfacial elastic-
ity resulted in different dissolution dynamics when interpreted through an analyt-
ical expression for the dissolution time for an encapsulated air bubble [24]. They
showed that increasing the permeability of the shell linearly decreases the disso-
lution time, and therefore increases the rate of gas exchange across the shell. Dis-
solution of the SBNBs under Laplace pressure drives the lipid molecules to pack

into a tensionless state [24]. It is therefore energetically favourable for shells with
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higher surface tension to undergo gas exchange across the shell. Comparing the av-
erage slope of the dissolution signals could be an area of future study for measuring

comparable shell permeability with new surfactants.

From the Laplace pressure theories on size-dependent agent stability, we
would expect the effects of increased shell permeability and rates of dissolution
would be more prevalent for NB populations. The disproportionate count of growth
signals in comparison to pl;ss signals measured in all NB experiments may have
several explanations. In the case of a PFC-core bubble investigated by Sarkar et al,
a bubble with initial radius of 1 ym would dissolve in 2500 s [24], much longer than
the 30 cycle time frame investigated here (~1.4 us). Additionally, the integration
of SB might increase the thickness of the SBNB shell and consequently increase the
thickness of the liquid-air mass transfer boundary. What is referred to as the "shell
effect” describes the tendency for larger boundary layer thickness to promote more
gas to enter the bubble during expansion than out during the compression phase
[94]. This is also known as recitified diffusion. Moreover, if the SB forces a sep-
aration of the lipid surfactants, the surface area of the shell would also increase.
According to the "area effect”, more gas tends to enter the bubble during bubble
expansion when the surface area is larger [94]. It is also important to note that the
surface area of the NBs can increase as a function of SB without an increase in NB

volume if shell buckling also increases.

Single bubble excitations of SBNBs exhibited decrease in nonlinear counts
in figures 3.4 and 3.5. The observed decrease in total nonlinear signal counts sup-
ports the hypothesis that the presence of SB decreases harmonic behaviour of the
NBs, however, a strong conclusion cannot be drawn. Due to the low number of sig-

nals registered above threshold that were nonlinear for all NB types, all nonlinear
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signals were grouped together. One possible explanation of the observed decrease
in nonlinear signals could be that SB increase the elasticity of the bubble shell. This
would occur if the SB molecules forced a separation of the lipid molecules. A more
robust investigation on the effect of SB on NB nonlinear oscillations would require
a greater number of sample measurements. Differences in nonlinearity may have

gone undetected due to the low overall detection of nonlinear signals.

The decrease in Burst signals indicates that the presence of the SB in the

NB shell reduces gas diffusion out from within the NB.

3.2.4 Multimodal Imaging

Multimodal US/PA imaging shows clearly detailed images with well de-
lineated vessels in both, PA and US.

The PA imaging results support the use of SB to increase the absorptive
properties of lipid shelled NBs. From the smallest contribution of SB tested there
was a 4 dB increase in power in comparison to the control (0 mg/mL). The SBNBs
with the largest contribution of SB exhibited PA power that was on average 8 dB

higher than control.

On average, undyed agents produce low PA signal. Contrast enhancement
from the low-absorbing bubble population is possible. From an optical perspective,
the lipid shelled bubbles can locally increase optical scattering interactions [95]. By
increasing optical scattering, the local fluence increases and the likelihood of optical

absorption increases. This can translate to a higher probability of PA interaction.

For SBNBs the PA signal increased with SB concentration. This increase
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was not linear. A plateau in signal is seen in both average and maximum PA signal.
No significant difference in PA power was seen between the any formulation within
the range 0.1-0.4 mg/mL. However, SB has an absorption spectra that is dependent
on it’s molecular environment. If the SB absorption spectra shifts as a result of de-
creased presence of lipid molecules or increased presence of other SB molecules, the
absorption at 700 nm may decrease. Alternatively, if a critical SB integration thresh-
old occurs at 0.4 mg, as is suggested by surface tension measurements, the increase
in signal beyond 0.4 mg may be caused by unbound or precipitous SB. This can be
confirmed by testing further contributions of SB beyond 0.5 mg/mL. Additionally,
although there is no evidence of SB-dependent attenuation in the PA images, it is
possible that differences in acoustic attenuation of the SBNBs are attenuating the
PA signals. Comparing the data with images of an equal volume of a non-buoyant
particles may be beneficial to determine the effects of the gas core on PA amplitude

of SBNBs.

The maximum US power, as shown in figure 3.8b showed no differences
between formulation where the average US signal from SBNBs exhibited an increas-
ing power with SB contribution. The discrepancy between the maximum and av-
erage US powers may be a consequence of differences in bubble concentration. Al-
though no statistically significant difference in bubble yield was obtained (figure
3.2a), error bars on concentration data ranged by nearly half the concentration. This
deviation in concentration can have meaningful consequences on backscatter am-

plitude because of potentially doubling or halving the gas volume within the ROI.

In the PA frequency domain, the power spectra from the 0 mg/mL NBs
most closely resembles the power spectra from a noise region in both, normalized

and non-normalized power spectra (figure 3.9). The NB with SB exhibited average
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power spectra with minimal differences from each other within the range of the

transducer bandwidth (13-24 MHz).

The trend of maximum powers in the US power spectra are consistent with
the average vessel signal. Similar to the results in our motivating data (figure 1.6),
undyed bubbles display a lower maximum signal than SBNBs. Undyed bubbles
present a narrower power spectrum than SBNBs. Within the range of the transducer
bandwidth (13-24 MHz) the 0 mg formulation also features the most distinct peaks.
When comparing the normalized US power spectra (figure 3.9d) the differences in
the spectral features compress suggesting that differences in spectral features are

not significant.
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Chapter 4

Conclusions and Future Work

4,1 Conclusions

SB dyed NBs were consistently produced with high efficiency. The surface
tension of the bulk lipid material was measured. The results show that integration
of SB dye into the NB lipid solution increases the surface tension of the bulk shell
material. SBNBs were tested under various US conditions. For a single-bubble
excitation, it was established that the integration of SB dye into the lipid-shell of a
NB increases the growth behaviour of NBs in response to US stimulation. Trends
of decreasing nonlinear bubble signal counts, and bubble destruction counts were
also detected, however, with low statistical significance. For a population of bubbles
under US excitation, the presence of SB produced minimal differences in US signals
with some enhanced amplitude compared to undyed bubble populations. This may
have been a result in differences in bubble concentration which were not adequately
controlled. Bubbles with SB incorporated in the shell also produced broader US
power spectra. Finally, analysis of PA and US multimodal images support the use

of SB dyed NBs for use in simultaneous US and PA multimodal imaging with SB
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dependent PA amplitude. Results show simultaneous enhancement in contrast for
both US and PA imaging, where PA enhancement was SB concentration dependent

and US enhancement was not.

We conclude that the integration of Sudan Black B in the lipid-shell de-
creases the nonlinear response nanobubbles. The addition of Sudan Black B also
increases rectified diffusion experienced by the agent in response to ultrasound.
These differences in bubble dynamics are attributed to physical changes to the shell,

namely an increase in surface tension and enhanced shell permeability.

The presence of additional components in a NB shell can have an effect on
the amplitude and power spectra of the US signal emitted by the bubble. Under-
standing how isolated and grouped NBs behave when changes are made to shell
composition is vital to the optimal use of NB formulations for US and PA multi-

modal imaging.

4.2 Future Work

The results show that integration of SB dye into the NB lipid solution in-
creases the surface tension which may play an important role in the stability of
SBNBs. Stability of SBNBs at rest, and in response to a stimulant can have impor-
tant consequences on the feasibility of clinical implementation. Ultrasound contrast
agents must be sufficiently stable for storage, handling, injection, and in vivo perfor-
mance. This study did not address the stability of the various SBNB types. Future
work should include a comparison of the stability of unperturbed SBNBs, of SBNBs

with repeated exposure to US and with prolonged exposure to PA stimulation.
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While the linear bubble behaviour showed significant and reproducible
differences in the growth signal counts, no conclusions were drawn from differ-
ences in nonlinear bubble behaviour. A more robust study on the nonlinear be-

haviour with a larger sample size may detect differences.

For a population of bubbles, the presence of SB produced differences in
average US power with statistical significance. It is difficult to attribute differences
in US power to SB presences due to large fluctuations (almost 3 times) in NB con-
centration. Microfluidic methods may offer a solution for tighter control of bubble

concentration for the comparison of populations of NBs.

While experimental studies are valuable, a theoretical investigation on SBNB
dynamics can help identify parameter regions for enhanced bubble activity. The dif-
ferences in surface tension established in this study can be used in existing bubble

models [96] to predict the parameter regions of bubble response [18].

While the main focus of this study was to investigate the effects of Su-
dan Black B on nonlinear US signal enhancement, further optimization can be done
to better tune SBNB use in PA. SB dye experiences a shift in peak optical absorp-
tion depending on it’s solvent. Therefore, current reports on the peak absorption
of SB may be inaccurate. A study of the absorption spectra of SB lipid solutions
through spectrophotometry can address this gap and help with closer optimization

of SBNBs in the context of PA imaging.
In summary, the next steps should be:

1. to test the stability of unperturbed SBNBs, in response to prolonged US stim-

ulation and to prolonged PA stimulation
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2. to repeat single bubble excitations with a specific focus on the nonlinear sig-

nals
3. to produce SBNBs with a more finely controlled NB concentration
4. to numerically model NB dynamics to test for predictability of results

5. to measure the optical absorption spectra of Sudan Black B integrated lipid

solution

Looking further into the future, clinical applications of SBNBs should be
investigated. For instance, in vivo studies can be used to identify the maximum
penetration depth of the imaging modalities when SBNBs are employed. MBs are
currently in clinical use as ultrasound contrast agents and under active investiga-
tion as mediators of therapy. SB bubbles can be engineered in various sizes as vehi-
cles for gas and drug delivery applications. In tumors, hypoxic regions have shown
more resistance to chemotherapy, radiotherapy, and photodynamic therapies. Both
MBs and NBs have been used for oxygen delivery [97] and have been shown to
reverse hypoxic conditions. Potentially, SBNBs can be used as agents with either
acoustic or optical triggering beyond the vasculature as theranostic agents for mul-

timodal, targeted oxygen delivery.
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Appendix A

Supporting Data

A.1 Shell Membrane Constituents

The components of the shell membrane are presented below in table A.1.
The molecular weight and total molar contribution per 1 mL (or per vial) is sum-
marized. For ease in interpretation and better understanding of the contribution
of each component to the total shell constitution that ratio of each component is

normalized to DSPE-mPEG 2k.
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TABLE A.1:

Shell Membrane Constituents; light grey: surfactants; dark
grey: co-surfactants; green: additives

Components| Molecular | Mass per 1 | mmoles Ratio
Weight mL solution
(mg)
DSPE-
mPEG 2k 2805.5 1.0 3.56E-4 1
DPPA 670.9 1.0 1.49E-3 4
DPPE 692.0 2.0 2.89E-3 8
DBPC 902.4 6.1 6.76E-3 19
Glycerol 92.1 126.0 1.37 3838
Propylene |, , 104.0 1.37 3839
Glycol
SBuda“ Black | 4565 2.19E-4- 0.1-05 0.6-3.1
10.95E-4

This appendix contains the graphs which show the size distribution for the

Bubbles were activated through mechanical agitation using a Vialmix (Bris-

included for each NB formulation.

A.2.1 Unfiltered Measurements

78

A.2 Bubble Size Distribution Curves

experiments done in this work. The SBNB size distribution graphs were acquired
from measurements done using Archimedes (Malvern Panalytical, MA, USA). The
Archimedes system measures both buoyant (bubbles) and non-buoyant particles
(micelles) which are both included in the graphs. The average diameter and es-

timated bubble concentration is also measured by the Archimedes system and is

tol Myers Squibb(BMS), NY, USA) mechanical shaker. NBs were isolated through




differential centrifugation. Drawing from the inverted vial limited mixing of acti-
vated bubbles and help control for bubble size distribution. Without further filtra-
tion, these samples were diluted (1:500 dilution) and measured for size distribution

and concentration. Representative size distribution curves are shown in figure A.1.
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g <1010 ‘ 0 mg/mL

85% bub

Concentration (#/mL)

0 0.2 0.4 0.6 0.8
Particle Diameter [m]

10 0.1 mg/mL
2_5><10 . -1 mgimt

72% bub

Concentration (#/mL)

0 0.2 0.4 0.6 0.8 1
Particle Diameter [pm]

[TBubbles: Conc =1.65e+11, Size =0.272+/-0.111um

[INon-Bouyant Particles: Conc=2.92e+10, Size =0.224+/-0.055um

[TBubbles: Conc =1.87e+11, Size =0.257+/-0.122um
[INon-Bouyant Particles: Conc=7.35e+10, Size =0.26+/-0.142um

1010 0.2 mg/mL

25

72% bub

Concentration (#/mL)

0 0.2 0.4 0.6 0.8
Particle Diameter [m]

<1010 0.3 mg/mL

& 39%bub |

Concentration (#/mL)

0 0.2 0.4 0.6 0.8 1
Particle Diameter [pm]

‘-Bubbles: Conc =6.35e+10, Size =0.281+/-0.111um

["INon-Bouyant Particles: Conc=2 51e+10, Size =0.332+/-0.359um

[TBubbles: Conc =4.53e+10, Size =0.187+/-0.097um
:lNon-Bouyant Particles: Conc=7.3e+10, Size =0.247+/-0.215um

g «1010 ‘ 0.4 mg/mL

i 26% bub

157 I

Concentration (#/mL)

0.5

0 0.2 0.4 0.6 0.8
Particle Diameter [pm]

5.5 1010 0.5 mg/mL

32% bub

Concentration (#/mL)

0.4 0.6 0.8 1
Particle Diameter [pm]

[Bubbles: Conc =2.61e+10, Size =0.181+/-0.118um

[ INon-Bouyant Particles: Conc=7 4e+10, Size =0.236+/-0.167um

[TBubbles: Conc =3.75e+10, Size =0.261+/-0.13um
:lNon-Bouyant Particles: Conc=7.95e+10, Size =0.23+/-0.103um

FIGURE A.1: Representative size distribution curves for SBNBs



Without filtration, activated SBNBs were measured on the range of 100-
900 nm. A subpopulation of non-buoyant particles likely in the form of mycelles
or lipid sheets was also present. No registered counts occur at 100 nm or below as

100nm is the cutoff range for Archimedes sizing on the nanoscale.

A.2.2 Pore-Filtered Measurements

After differential centrifugation SBNBs were diluted (1:10 in PBS) and fil-
tered using 450 nm pore size. These samples were then measured for size distribu-
tion and concentration. Because filtered populations were only used for the single
bubble experiments, only the 0 mg, 0.2 mg and 0.4 mg/mL SBNBs were filtered
and sized. Representative size distribution curves are shown in figure A.2. The

concentration data presented was corrected for dilution before plotting.
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g 108 0 mg/mL - 450 nm pore

Concentration (#/mL)
N w B

s

0 0.2 0.4 0.6 0.8 1
Particle Diameter [1:m]

[IBubbles: Conc =2.46e+09, Size =0.325+/-0.039um
[

Non-Bouyant Particles: Conc=NaN, Size =NaN+/-NaNum

g 108 0.2 mg/mL - 450 nm pore

N w S

Concentration (#/mL)

0 | | ;
0 0.2 0.4 0.6 0.8 1
Particle Diameter [pm]

[ Bubbles: Conc =2.69e+09, Size =0.277+/-0.035um
[ INon-Bouyant Particles: Conc=NaN, Size =NaN+/-NaNum

g 108 0.4 mg/mL - 450 nm pore

T4t
£
®
=3r
9
i
g2
3
5
o1r
0 4 [ L L
0 0.2 0.4 0.6 0.8 1

Particle Diameter [p:m]

[ Bubbles: Conc =3.18e+09, Size =0.261+/-0.041um
[INon-Bouyant Particles: Conc=2.56e+07, Size =0.411+/-0.127um

FIGURE A.2: Representative size distribution curves for pore-filtered
SBNBs
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Filtration using a 450 nm pore size filter successfully limited all SBNB pop-
ulations below the 450 nm threshold as seen in figureA.2. The process of filtration
is destructive in nature and therefore significantly decreases the SBNB yield (From
~1x 101 to ~1 x 108 ). The reduced concentration of SBNBs, however, is still com-
parable to that of previously produced agents. The non-buoyant particle population

was significantly reduced.

A.3 Summary Statistics: Pairwise Values

Please note: for the following pairwise comparisons * indicates (p < 0.1)

and ** indicates (p < 0.05).
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A.3.1 Surface Tension

TABLE A.2: Statistics Table: Surface Tension (n = 20)

Reference Pair Sample p-value
Sample

0 mg/mL 0.1 mg/mL 3.40E-8**
0 mg/mL 0.2 mg/mL 2.07E-8**
0 mg/mL 0.3 mg/mL 2.07E-8**
0 mg/mL 0.4 mg/mL 2.07E-8**
0 mg/mL 0.5 mg/mL 2.07E-8**
0.1 mg/mL | 0.2mg/mL 8.94E-4**
0.1 mg/mL | 0.3 mg/mL 2.09E-8**
0.1 mg/mL 0.4 mg/mL 2.07E-8**
0.1 mg/mL | 0.5mg/mL 2.07E-8**
02mg/mL | 0.3 mg/mL 0.015**
02mg/mL |04 mg/mL 2.07E-8**
0.2 mg/mL 0.5 mg/mL 3.25E-5**
0.3 mg/mL 0.4 mg/mL 1.18E-4**
0.3 mg/mL | 0.5mg/mL 0.56

0.4 mg/mL | 0.5mg/mL 0.036**
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TABLE A.3: Statistics Table: Average PA Power (n = 6)

A.3.2 Bubble Population: US and PA

Reference Pair Sample p-value
Sample

0 mg/mL 0.1 mg/mL 0.0029**
0 mg/mL 0.2 mg/mL 8.10E-6**
0 mg/mL 0.3 mg/mL 4.62E-6**
0 mg/mL 0.4 mg/mL 1.08E-5**
0 mg/mL 0.5 mg/mL 2.51E-8**
0.l mg/mL | 0.2mg/mL 0.4902
0.1 mg/mL 0.3 mg/mL 0.3924
0.1 mg/mL | 04 mg/mL 0.5428
0.1 mg/mL | 0.5mg/mL 0.0036**
02mg/mL | 0.3 mg/mL 1.0000
0.2 mg/mL 0.4 mg/mL 1.0000
02mg/mL | 0.5 mg/mL 0.2836
0.3 mg/mL | 0.4 mg/mL 0.9999
03mg/mL | 0.5mg/mL 0.3681
0.4mg/mL | 0.5 mg/mL 0.2453
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TABLE A.4: Statistics Table: Average US Power (n = 6)

Reference Pair Sample p-value
Sample

0 mg/mL 0.1 mg/mL 0.3562

0 mg/mL 0.2 mg/mL 0.0155**
0 mg/mL 0.3 mg/mL 2.09E-4**
0 mg/mL 0.4 mg/mL 2.97E-6**
0 mg/mL 0.5 mg/mL 0.0993*
0.1 mg/mL 0.2 mg/mL 0.7182
0.1 mg/mL 0.3 mg/mL 0.0724*
0.1 mg/mL 0.4 mg/mL 0.0024**
0.1 mg/mL 0.5 mg/mL 0.9841
02mg/mL |03 mg/mL 0.7275
02mg/mL |04 mg/mL 0.1066
02mg/mL | 0.5 mg/mL 0.9755
0.3mg/mL | 0.4mg/mL 0.8130
0.3 mg/mL 0.5 mg/mL 0.2845
0.4 mg/mL 0.5 mg/mL 0.0169**
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TABLE A.5: Statistics Table: Maximum PA Power (n = 6)

Reference Pair Sample p-value
Sample

0 mg/mL 0.1 mg/mL 0.0223**
0 mg/mL 0.2 mg/mL 2.25E-4**
0 mg/mL 0.3 mg/mL 5.38E-4**
0 mg/mL 0.4 mg/mL 4.86E-4**
0 mg/mL 0.5 mg/mL 1.47E-5**
0.1 mg/mL | 0.2mg/mL 0.6581
0.1 mg/mL | 0.3 mg/mL 0.8120
0.1 mg/mL | 04mg/mL 0.7956
0.1 mg/mL 0.5 mg/mL 0.2078
02mg/mL | 0.3 mg/mL 0.9998
0.2 mg/mL 0.4 mg/mL 0.9999
02mg/mL | 0.5 mg/mL 0.9655
0.3mg/mL | 0.4mg/mL 1.0000
0.3mg/mL | 0.5mg/mL 0.8907
0.4 mg/mL 0.5 mg/mL 0.9024
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A4 Single Bubble US

A.4.1 Statistics

TABLE A.6: Statistics Table: Mean and Standard deviations for signal
contribution (n = 3)

Signal

0 mgSB 0.2 mgSB 0.4 mgSB
Group
p1 28+2% 31+16 % 25+7%
Prowtn 15+£2% 284+2% 46 =19 %
pldiss 1+£1% 3+4% 2+1%
P 10 £3 % 7+3% 4+1%
Burst 45+ 17 % 30 20 % 23+15%

TABLE A.7: Statistics Table: ANOVA of mean signal contributions (n =

3)
Signal F-statistic p-value
Group
21 0.26 0.78
Plerowth 5.94 0.04**
Plyiss 0.65 0.55
Pn 4.02 0.08*
Burst 1.27 0.35
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TABLE A.8: Statistics Table: p1g,4q signals (n = 3)

Reference

Pair Sample p-value
Sample
0 mg/mL 0.2 mg/mL 0.36
0 mg/mL 0.4 mg/mL 0.03**
02mg/mL | 0.4mg/mL 0.20

TABLE A.9: Statistics Table: p, signals (n = 3)

Reference

Pair Sample p-value
Sample
0 mg/mL 0.2 mg/mL 0.42
0 mg/mL 0.4 mg/mL 0.07*
02mg/mL |04 mg/mL 0.37

TABLE A.10: Statistics Table: Burst signals (n = 3)

Reference

Pair Sample p-value
Sample
0 mg/mL 0.2 mg/mL 0.57
0 mg/mL 0.4 mg/mL 0.33
02mg/mL | 0.4 mg/mL 0.88
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A.4.2 Nonlinear Signal Counts
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FIGURE A.3: Pressure and dye dependent nonlinear signal counts

90



Appendix B

Additional Studies

B.1 Testing Stability

In order to characterize the long-term bubble echogenicity, grayscale in-
tensity changes generated by the SBNBs were measured in vitro using a linear
transducer (Toshiba, Tochigi-Ken, Japan) and a clinical ultrasound scanner (Toshiba
Aplio) at 6 MHz transmit frequency, 12 MHz receiving frequency and a peak nega-

tive pressure of 240kPa (mechanical index, 0.1).

Phantoms were custom-designed from agarose mold (1% agarose, 99%
H20). Each phantom had three narrow channels (see figure B.2 ). Bubbles were
stimulated by ultrasound for 8 consecutive minutes. The phantom channels were
aligned to the center of the transducer element placed atop such that the transducer

was in an inverted orientation.

Activated bubble solution was prepared at constant dilution of stock solu-
tion (1 in 100). Six images of each sample were acquired. A ROI was selected within

each channel region. The average ultrasound power of all non-zero elements in a
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38mm

‘
\
FIGURE B.1: Inverse Bubble Stability Setup

selected ROI was tracked with respect to time for the duration of the 8 min excita-
tion. This data was averaged for all 6 measurements and normalized to data from
a noise region within the image. The averaged, normalized power curve for all six

measurements is provided in figure B.2a.

Bubble bursting occurs as NB solutions are subject to prolonged US stim-
ulation. The number of bubbles remaining is dependent on the number of bubbles
available, as is the case with exponential decay models. As the bubble population
decays from bursting, the detected US power should decrease. Under the same

conditions, bubble fragmentation and rejoining can occur, and would result in an
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increase in US power. This acts as a competing process of bubble bursting and may
increase as the average kinetic energy of the stimulated bubbles increases with time
due to acoustic radiation force applied by the transducer. If the bubbles expand

by absorbing gas from surroundings, as was presented in plgrowth signals, the US

power should also increase.

Normalized Power Decay

100 —0
! ——0mgSB —0.1
—1mgSB 0.2
2mgSB —03
——3mgsB — 04
. ——4mgSB A y 0.5
= 5mgSB| ot
R ok e Iy WR|—o0.1-it
° e iyi W b s 0.2t
) ——0.3it
6D ——0.4-fit
0.5-fit
50
40 : :
0 0.5 1 1.5 2
0 = * 6 8 Time [min]

time [min]
(B) Two minute decay window with exponen-

(A) Normalized Power Decay Curve tial fitting

FIGURE B.2: Ultrasound Stability: Continuous NB Stimulation

In figure B.2a the power decay curve shows a decrease in % maximum US
power with respect to time until 2 minutes is reached. After the ~2 minute time
point, the 0.3, 0.4, and 0.5 mg SBNB power curves increase. It is possible that this
increase is a result of bubble growth and bubble joining. If only the first 2 minutes
of the decay curve are considered, an exponential fit can be used to determine the
rate of the population decay in that window. Exponential fits to un-averaged curves
were determined (see figure B.2b) to obtain decay rates for the first 2 minutes. These
decay rates were obtained for all six measurements and subsequently averaged.
Figure B.3 summarizes a comparison of the bubble decay rates for each SBNB for-
mulation. With increasing Sudan Black B contribution an increase in power decay

rate is expressed.
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FIGURE B.3: Bubble Decay Rates

This data suggests that an increase in Sudan Black B integration in lipid
shell material destabilizes the SBNB formulations. This could be explained by the

observed increase in surface tension presented in figure 3.3.

The increase in signal after the 2 minute time point requires further investi-
gation. This phenomenon could be explained by the increase bubble growth signals
as established in previous sections. This may further explain the difference in slope

after the 2 minute time point between SBNB power curves.

B.2 Bulk Viscosity

To determine the effects of Sudan black on lipid solution viscosity, shear-
dependent changes in viscosity were measured using a Thermo Scientific HAAKE
MARS III Rheometer at 22 °C using a shear rate sweep. Shear rates were increased
linearly from 10 to 100 Hz over 30 s. A total of 100 viscosity points were collected

over each shear sweep. These recorded values were averaged for each sample run
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for and repeated twice for each NB lipid formulation.

Bulk Lipid-Viscosity with Shear Rate (n=3)

0.12 .
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FIGURE B.4: Bulk Lipid Viscosity as a function of shear rate and SB
concentration; (n=3)

From figure B.5, no measurable trend is evident comparing SB-lipid for-
mulations as a function of SB concentration or shear rate. The largest variation in
viscosity was measured at low shear rates (< 10 Hz). For further investigation, the

lowest available rate setting was used in order to test differences at a fixed rate.

The fixed-viscosity was measured at a shear rate of 10 Hz (lowest available
setting) at 22 °C for a duration of 30 s. These recorded values were averaged for each

sample run for an n = 2 for each NB lipid formulation (see figure B.5).

Figure B.5 presents a moderate trend of decrease in bulk viscosity upon
any addition of Sudan Black B dye. With a sample size of 2, however, along with
a large variation in standard deviations (indicated by error bars) the data is incon-
clusive. More measurements for an increased sample size is needed to establish

significance and reproducibility.
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FIGURE B.5: Bulk Lipid Viscosity
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