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Medical ultrasound imaging is ubiquitous in clinics due to its safety, low cost,
portability, and imaging depth. The development of technologies to assist ultrasound in the
diagnosis of diseases thus have a potentially broad clinical impact. More recently,
photoacoustics has emerged as a complementary, high contrast modality for imaging
optical absorption. Injectable dyes and nanoparticles locally amplify ultrasound and
photoacoustic signal, helping to identify disease markers and track its progression. We
have constructed a dual ultrasound and photoacoustic contrast agent that can be activated
using an external optical trigger. In response to pulsed laser irradiation, the particle
undergoes a liquid to gas phase change, or vaporization, which emits a strong acoustic
wave and results in an echogenic microbubble, simultaneously enhancing contrast for both
modalities. We designed and developed several iterations of particles, altering parameters
to optimize biocompatibility, cost, and image contrast enhancement, and we then
characterized key traits of the particles. Next, we imaged the contrast agents in phantom,
ex vivo, and in vivo models to validate the image enhancement, developing image process
algorithms to maximize image quality. These optically triggered contrast agents are a

valuable tool for minimally invasive, highly specific, early identification of cancer.
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Chapter 1. Introduction

In 2014, it was estimated that 1.67 million new cases of cancer will have arisen,
and approximately 590,000 people will have died from cancer in the same year'. The
median age at diagnosis is 66, and age at death is 72. Unlike many diseases, the time
between the onset of cancer and death can be short. We are still learning much about the
behavior and progression of cancer, making it difficult to prevent and even more difficult
to stop once it is at the stage where it can be found. One strategy to fight the disease is to
identify the characteristics of cancer early, because in these stages several treatments can
be applied with high rates of remission. Diagnosing cancer at an early stage is not an easy
task. It requires in-depth knowledge of biology and physiology at the macro level of the
human body as well as behavior at the cellular and molecular level, where the incipient

stages of neoplasms begin.

Humans have engineered tools to better understand our surroundings and
communicate it more effectively, enabling us to achieve an exponentially growing body of
cumulative knowledge of the universe. When this engineering mindset intersects with
problem solving in the medical domain, we are capable of extending our lives and living
them at the highest quality. Medical diagnostics has improved through the engineering of
tools that noninvasively investigate our bodies for information using sound, light, and
magnetic fields. By developing techniques, instruments, and systems to gather information,
we are constantly learning more about our own physiology, giving us answers we need to
address problems that plague us profoundly. When applied to cancer diagnostics and
therapy, development of these systems can alter our approach to treatment and improve

quality of life.



For widespread implementation of a solution to cancer’s mysterious and terrifying
grip, we must employ diagnostic tools that are inexpensive and easy to use. By studying
the work of those who developed these useful tools in the past and by exploring new

avenues, we hope to mitigate the suffering and fear caused by this disease.
1.1 Medical Imaging

The goal of any biomedical imaging modality is to interrogate the body to study
anatomy, tissue function, and more recently, biochemical and even molecular processes.
Obtaining this information with safe, inexpensive technology allows us to more readily
study the differences in anatomy and behavior between healthy and abnormal tissues. The
identification of diseased tissue states at early stages markedly improves our ability to treat

patients.

The principle of any imaging modality is to probe the body with some type of
energy (the type of energy used typically distinguishes imaging systems) and then to
analyze the energy which has either passed through or has reflected from its surface. The
differences in the input and output energy allows us to gather information about the probed

system (the body).

Medical imaging has a rich history of noninvasive diagnosis, beginning with
William Roentgen’s discovery of X-rays in 18952 followed by tomographic techniques
developed by Vallebona and Hounsfield using the Radon Transform®, and continuing
with magnetic resonance imaging® ', nuclear imaging (PET and SPECT)'“'2, and
ultrasound imaging'®, shown in Table 1. A variety of imaging modalities is researched and
used clinically today; to say that one imaging modality is the “best” is naive. Each modality
has properties ideal for detecting certain diseases. However, each also has drawbacks such

as high cost or adverse health effects that can outweigh its diagnostic value.



First Type of energy | Pros Cons
developed | used
X-ray 1895 Electromagnetic High resolution, Ionizing
radiography radiation (X-rays), | high contrast for | radiation,
A=0.01 —10nm | bones costly
X-ray computed | 1960s Electromagnetic High resolution, Radiation
tomography radiation (X-rays), | high contrast for | exposure,
A=0.01 -10nm | bones, costly,
full body imaging | contrast
agents
Magnetic 1937 Electromagnetic Full body imaging, | Costly,
resonance radiation functional  brain | not  widely
imaging (RF waves), imaging, available,
A=1-10m high resolution not real-time
Nuclear 1950s Ingested positron- | Functional Low
imaging emitting information resolution,
radionuclides requires
ingesting
agent
Ultrasound 1949 Ultrasound waves | High resolution, Poor contrast,
imaging (frequency = 20 | non-ionizing, difficult  to
kHz — 400 MHz) | inexpensive, interpret,
portable, speckle
widely available,
real-time
Table 1.1: Medical imaging modalities

Several properties of ultrasound (US) imaging make it one of the most widely used

imaging tools in clinics today:

US is safe for repeated use
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The operational cost of US is low

US provides high resolution images of anatomy based on tissue impedance

US imaging can occur in real time

US commonly images 10 cm or deeper in the body

The imaging system is portable




e US can measure blood flow and motion through the Doppler effect!®!°

e Many applications of US imaging do not require exogenous contrast agents

These features of US imaging, particularly its clinical ubiquity, make it a good
candidate for researching novel techniques that can identify diseases such as cancer at an

early stage. Conversely, US imaging has several drawbacks:

e Endogenous US contrast, which is based on tissue density and sound speed,
is often low?® %2, limiting it to visualization of gross anatomy

e US cannot provide whole body imaging

e Due to poor contrast and imaging artifacts, interpretation and diagnosis can

be ambiguous

Because ultrasound imaging is inexpensive, safe, and thus so widely available,

improving its current limitations could bring about an immediate and broad clinical impact.
1.2 Ultrasound Imaging Principles

As with any imaging technology, US requires the transmission of energy into a
patient and the analysis of that energy after it interacts with the body. As its name suggests,
the technique involves the transmission of ultrasound (frequency > 20 kHz) waves into the
body. In response to an electrical impulse, a piezoelectric transducer vibrates rapidly,
emitting ultrasound pressure waves. The transducer transmits a short US wave (typically
~2-3 wavelengths) into the body, where the wave propagates until it encounters a tissue
boundary. A boundary, as it relates to US applications, is a spatial difference in acoustic

impedance (Z), defined as

Z=px*c



where p is the density of the material (kg m™), and c is its speed of sound (m s™'). After
encountering a boundary, a portion of the sound wave is scattered orthogonal to the
boundary surface (reflected), and the rest of the wave continues to travel through the
material. The percentage of the sound wave which is backscattered depends on the
difference in acoustic impedance between the two materials. A boundary with a greater
difference in acoustic impedance will reflect a greater portion of the incident US waves.
Most soft tissues are primarily composed of water and have similar values of Z. However,
some tissues, such as bone, highly reflect US waves due to a vast difference in Z from the
surrounding tissue. Likewise, any gas-filled regions, such as the lungs, highly reflect US

waves. For this reason, US is practically unable to image through bone or lungs.

To form an image, a transducer emits a US wave at time t = 0, which propagates
through the body. Then the transducer waits and “listens” for reflections—that is, waits to
receive reflected pressure waves, which it can convert to electrical signals and eventually
image data. The first acoustic impedance boundary—say at distance z from the
transducer—reflects a portion of the incident US wave, and the reflected pressure wave
arrives back at the transducer at time ¢ = 2¢/z, where c is the speed of sound in tissue, z is
the depth of the reflecting boundary, and the 2 accounts for the round trip travel of the
sound wave from the transducer to the boundary and back. Based on this time of flight
equation, the US imaging system calculates the distance between the transducer face and
that boundary, as well as the intensity of the reflection. A greater difference in Z will reflect
a greater portion of US waves, and this is recorded as a higher intensity reflection.
Meanwhile, the portion of the US wave that was not reflected continues to propagate
through the tissue until it encounters another boundary. At this point, another portion of
the wave is reflected, then received by the transducer, and this distance z is calculated. This

process continues until all of the originally emitted US wave is absorbed by the tissue and



can no longer be detected by the transducer. This results in a one-dimensional vector of
values called an A-line; each value in the vector represents a pressure level of the reflected
wave at a given depth. High pressure levels indicate boundaries, or changes in Z, at that
depth. Early iterations of US systems were only able to collect one-dimensional A-line
data; to form an image, several A-lines were collected by mechanically scanning the
transducer. This matrix of A-lines was converted into an image intensity brightness map

called a B-mode image, which is the most common form of US image data seen today.

To speed up the process of acquiring and displaying full B-mode images,
transducers are no longer mechanically scanned. Instead, typical US transducers comprise
a linear array of either 64 or 128 small transducers, or elements, and grouped together into
one probe used for imaging. Instead of mechanically scanning one transducer over the
surface to form an image, each of the elements is controlled electronically, allowing for the
rapid acquisition of many A-lines which can be used to display a B-mode image in real-

time.

While a US image displays the acoustic impedance boundaries present in the tissue
being probed, there is additional granular appearance called “speckle” in most biological
US images. This signal is usually undesirable, because it decreases the overall contrast of
the image, making diagnosis difficult. Ultrasound speckle is explained by the fact that
biological tissue can be modeled as a collection of scatterers so numerous that there are
many within one resolution cell of the scanner. The wavelets scattered by them interfere,
and speckle is explained as an interference phenomenon?. Speckle is arguably the greatest

drawback of US imaging, and many techniques are researched to overcome this limitation.



1.3 Ultrasound Contrast Agents

One of the most commonly cited limitations of US is its poor image contrast.
Because US contrast relies on differences in acoustic impedance (Z), many biological
tissues (which are mostly water based) are difficult to distinguish. Additionally, the
previously mentioned speckle pattern from human tissue further reducing image contrast**-
22 It is therefore desirable to improve the image contrast to help identify target organs or

disease markers. Novel materials and constructs for contrast agents are heavily researched

and highly valuable to the field of medical diagnostics and image-guided therapy.

Ultrasound contrast agents are injectable solutions of particles whose acoustic
impedance Z is significantly different from the background. Because gas differs greatly in
speed of sound and density from all tissues, tiny “microbubbles” are employed as contrast
agents because they highly reflect US waves and appear as bright spots in an image. The
first reported US contrast enhancement due to bubbles is documented in work by Gramiak
and Shah in 1967%*. Additionally, gas microbubbles may oscillate in size under a diagnostic
US pressure field, and this nonlinear behavior can be used to distinguish them from
background tissue in “harmonic imaging®.” Unfortunately, due to surface tension (o),
unstabilized gas bubbles do not last longer than 1-2 seconds. Therefore, various
modifications have been developed to stabilize bubbles for longer circulation time. Ferrara
et al have reviewed the physics of various bubble formulations®®, explaining how various
constituents may improve their stability. The pressure drop across a bubble interface (4P)

is given by the Laplace equation:

AP =P, — P, =2 (1.1)

where P is the pressure inside the bubble, P, is the hydrostatic pressure outside the bubble,



o is the surface tension of the bubble, and r is the bubble radius®®. A free bubble in water,
with a small enough radius, and with the surface tension of water/air interface will either
a) coalesce with other microbubbles to form a gas bolus large enough to exist at a stable
Laplace pressure, or b) dissolve into the surrounding liquid within a few seconds due to
water’s high surface tension and thus high Laplace pressure’®. To form stable
microbubbles, an encapsulating shell may be added to the solution, which serves two
purposes. First, it can act as a physical barrier to the gas dissolving in the liquid, and second,

it reduces the surface tension, allowing bubbles of a smaller size to exist at a stable Laplace

Pressure. The bubble radius can be modeled by the Epstein-Plesset equation:

1+2”shell_f
L ( Par ) (1.2)

T
dt  5=+Rspeu \ 1+30snet1/4Par
w

where L is Ostwald coefficient, D,, is the gas diffusivity in water, Rger is the resistance of
the shell to gas permeation, g is the surface tension of the shell, and fis the ratio of the
gas concentration in the bulk medium versus that at saturation?’?®. The Ostwald coefficient
describes the velocity with which a gas will leave or enter a bubble in solution, and thus
has a substantial impact on bubble dissolution®’. The lifetime of a free air bubble is less

than 1 s, and the lifetime of a free perfluorocarbon bubble is less than 1 min (Fig. 1.1)%.
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Figure 1.1:  Calculated microbubble dissolution kinetics based on the

modified-EP equation. (a) Radius-time curves of a free
microbubble composed of air or perfluorobutane (PFB). Model
parameters were Gshel = 72 mN m™ !, Rehenn = 0, Pa = 101.3 kPa,
and f =1 (i.e. saturation). Diffusion parameters for air were L =
0.02 and Dy =2 x 1073 cm? s7!; those for PFB were L = 0.0002,
Dw= 0.7 x 107 cm? s~!. (b) Radius-time curves of lipid-coated
microbubbles in degassed water (f = 0). Model parameters were
the same as above, except Rshen = 10* s m™! for air and 107 s
m! for PFB and oshenn = 0 mN m™!. All curves were generated in
MATLAB using a standard fourth-order Runga-Kutta
algorithm.

Two methods have been commonly employed to increase bubble lifetime. The first
1s using higher molecular weight gases, which have a lower Ostwald coefficient, as shown
in Table 1.2°°. The use of perfluorocarbon (PFC) gas microbubbles as an alternative US
contrast agent to air bubbles was first explored in 1984 by Mattrey et al in the imaging of
myocardial infarction in dogs®'. At the time, perfluorocarbon microbubbles were used not
as an imaging agent, but as a blood substitute in anemic patients, due to the high solubility
of oxygen in perfluorocarbon. It was soon realized that the lifetime of free PFC bubbles,
however, was vastly improved over air bubbles, as shown by the 200x increase in lifetime

(Fig. 1.1a). This has made PFC the gold standard for US contrast agents.

Another method to prevent bubble dissolution is the addition of a bubble shell, or



surfactant, to the solution. This reduces the surface tension by adsorption of an amphiphilic
compound at the bubble surface. Various proteins, lipids, and polymer surfactants have
been employed to improve lifetime, with profound effects (Fig. 1.1b). By adding a
surfactant shell, a perfluorocarbon bubble is stabilized for several hours, rather than just a

few seconds, as shown in Table 1.23°.

Ostwald coefficient (x10°) | Disappearance time (s)
Air 23,168 0.02
Sulfur hexafluoride (SF) 5,950 0.1
Perfluoropropane (C3Fs) 583 1.1
Perfluorohexane (CsHi4) 24 2

Table 1.2: Ostwald coefficient and disappearance time for 3 pm diameter bubbles

containing different gases.

The next generation of US contrast agents reduced their diameter from several
microns to hundreds of nanometers by synthesizing the particles in a liquid state, and then
vaporizing them into high contrast gas bubbles using focused US energy>>-°. This provided
a few advantages over gas microbubbles. First, the circulation time of these “nanodroplets”
is vastly improved over microbubbles because the liquid PFC does not diffuse from the
core nearly as quickly as gaseous PFC does. Second, the small size of the nanodroplets
enables them to perfuse tissue more effectively than micron sized bubbles, which are
restricted to the vascular space. Specifically, nanodroplets can diffuse from tumor

neovasculature via the enhanced permeability and retention (EPR) effect?®.

The liquid state of nanodroplets renders their acoustic impedance similar to the
water-based tissue background, and they provide relatively little US image contrast.
However, many researchers discovered that the liquid nanodroplets can be converted into

gas microbubbles through triggered vaporization, or the transition of the liquid nanodroplet
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into a microbubble in response to an external stimulus. The first case of triggered PFC
droplet vaporization was reported by Apfel in 199837 and then studied by Kripfgans et al
ten years later’>, where they used high intensity focused ultrasound (HIFU) to bring about
local cyclic pressure changes in the environment around the droplets. The peak
rarefactional (negative) pressure induced a liquid-to-gas phase change of the droplet,
termed acoustic droplet vaporization (ADV). Triggered vaporization with HIFU confers a
few advantages over simply using microbubbles. First, smaller liquid PFC droplets can be
used as the contrast agent, which are more stable and perfuse tissue better than
microbubbles. Second, the particles become echogenic precisely in response to a user-
defined trigger, making them easy to locate using US imaging. When the droplet is
externally triggered to vaporize, there is no ambiguity over whether bright spots are
endogenous or due to the contrast agent. Lastly, the violent nature of the vaporization can

bring about therapeutic effects.
1.4 Photoacoustic Imaging

Another imaging modality related to US imaging, termed photoacoustics (PA), uses
light to induce detectable sound waves. The photoacoustic effect was first reported by
Alexander Graham Bell in 1881%, and it has been developed into an imaging technique
within the past few decades, which has been thoroughly reviewed**#’. Photoacoustics uses
pulsed laser irradiation to induce rapid thermal expansion of optical absorbers—either
endogenous (melanin, hemoglobin and other porphyrins)* or injected—which emit broad
frequency acoustic waves that are received by a US transducer to produce a high contrast
image of optical absorption. Detecting optical absorption allows us to locate endogenous
chromophores or injected contrast agents with high specificity. Photoacoustic signal can

be produced through a number of different mechanisms, namely thermoelastic (thermal)
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expansion*°, vaporization’!, photochemical processes*>*?, and optical breakdown®.
While optical breakdown results in the most efficient pressure generation, it is not desirable
due to its destructive nature’!. Photochemical processes have been studied as well, but not
for biomedical applications because of safety limitations**2. More commonly, thermal
expansion is utilized in biomedical applications. The spatial and temporal magnitude of a

pressure wave that is produced is dictated by the photoacoustic wave equation,

(v-22)p=-224 (1.3)

vZ at2 vZ ot

where p is pressure (Pa), vs is the longitudinal wave speed in the medium (m s), and I"is

the dimensionless Griineisen coefficient,

2
r =% (1.4)

where £ is the coefficient of thermoelastic expansion (K') , and C, is the heat capacity per
unit mass at constant pressure (J g K!)). The left-hand side of the equation describes the
wave propagation, and the right-hand side represents the source term. The heating function
H 1s the thermal energy converted per unit volume and per unit time, and it is related to the
optical power deposition. Here, time-invariant heating produces a pressure wave. Given a
sufficiently short laser pulse, the chromophore absorbs all of the optical energy before any
heat is lost, allowing the pressure to propagate according to Eqn. 1.3. Additionally, if the
laser pulse is shorter than the stress relaxation time, all of the optical energy is absorbed
before any pressure is propagated from the absorber. In this case, the PA pressure wave

can be described by

p =TugF (1.5)

where 1, is the optical absorption coefficient (m!) and F is the local laser fluence (J m?).

12



Photoacoustic imaging systems can be integrated with existing US imaging
systems, because PA imaging uses the same clinical array transducer to receive
photoacoustic pressure waves. While US displays an image of acoustic impedance, PA
techniques provide complementary information, namely a map of optical absorption.
Anatomical information can be seen using US techniques—that is, large tissue boundaries.
Photoacoustics gives information on the physiology of the underlying tissue, such as blood
content and oxygenation. As with US imaging, many nanoparticle constructs have been
developed to enhance PA image contrast, such as colored dyes and solutions of metal

55-61

nanoparticles®°'. These contrast agents absorb light much more strongly than tissue

chromophores, thereby emitting stronger PA waves and making them a tool for identifying

tissues targeted by the particles®> ¢,

To improve the signal to noise ratio and sensitivity of PA imaging, recent
engineering approaches have been researched to generate PA signal from vaporization of
contrast agents. It has been shown that the pressure wave from vaporization is upwards of
an order of magnitude higher than the PA signal from thermal expansion, (Fig. 1.2)*. By
combining the ability of a liquid PFC nanodroplet to vaporize with the US echogenicity of

PFC microbubbles, a powerful dual US/PA contrast agent can be developed.
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Figure 1.2:  Peak pressure p in water as a function of the laser peak power P for the
vaporization process and for the thermoelastic effect at a constant distance
r from the impact.

The capabilities of PFC nanodroplets and PA contrast agents have recently been
combined to form a new type of nanoparticle, named photoacoustic nanodroplets
(PAnDs)%%. These particles consist of a nano-sized (200-800 nm) liquid PFC droplet as
described above, but they also incorporate an optical absorber into the PFC core or the
surfactant shell. Upon pulsed laser irradiation, the region surrounding the optical absorber
experiences both a temperature increase and a propagating pressure wave, causing a liquid-
to-gas phase transition of the droplet and inducing a one-time, high amplitude PA signal
due to bubble formation, termed optical droplet vaporization (ODV)®’. This PA signal from
vaporization is 2-10x higher than the PA signal from thermal expansion of the optical
absorber by itself®>%6:%8% The resulting PFC bubble can provide US contrast either by
acoustic impedance mismatch between the particle’s gaseous core and the surrounding

tissue or by utilizing the bubble resonance frequency’®’!. Due to the relatively unexplored
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nature of PAnDs, several properties may be tuned to optimize their US and PA contrast, as

well as their stability, sensitivity, and targeting capabilities.
1.5 Research Goals

Photoacoustic nanodroplets are an emerging contrast agent with great potential for
diagnostic imaging and therapeutic applications, but their formulations and imaging
capabilities have just been explored in the last few years. The goal of this research project
is 1) to expand the platform of photoacoustic nanodroplet contrast agents to include a
variety of optical absorbers and perfluorocarbons, 2) to characterize the attributes and
behavior of the droplets in US and PA imaging applications, and 3) to assess the

improvement of their imaging qualities in an in vivo environment for cancer diagnostics.
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Chapter 2: Design, Synthesis, and Characterization of Photoacoustic Nanodroplets

The design of the PAnDs is governed by their mechanisms of enhancing US and
PA contrast. First, their echogenicity relies on an acoustic impedance (Z) mismatch
between the particle and the surrounding tissue. Tissue is mostly water, so to reflect US
waves, the contrast agent must differ in impedance (Z = pc). As synthesized, the contrast
agent is an aqueous emulsion of liquid perfluorocarbon nanodroplets (Fig. 2.1 al). The
PFC density ranges from 1.59-1.67 g mL™!, depending on the type of PFC (i.e. length of
the perfluorocarbon chain). The speed of sound in PFC ranges from 400-550 m s”!, yielding
an acoustic impedance of 0.3-1.3 x 10° (kg m?s™!), compared to water, whose impedance
is 1.4 x 10 (kg m2s1)!™*. For the particle to reflect US waves, it must convert from liquid
to gas, vastly decreasing its density and speed of sound, thereby decreasing its acoustic
impedance compared to the surrounding soft tissue. The mismatch leads to reflection of
sound waves and a highly echogenic particle. This phase transition is traditionally induced
using HIFU, where the peak rarefactional pressure induces vaporization®. However, in
these studies, optical energy is used to induce the phase transition, which requires that an
optical absorber is encapsulated in the particle, because PFC alone does not sufficiently
absorb optical energy to cause vaporization (Fig. 2.1 al). Once the droplet is synthesized,
it can be activated using a pulsed laser, whereby optical energy is converted into heat and
pressure that bring about the phase transition from nanodroplet to microbubble. This
vaporization itself results in a massive pressure wave emission, which can be received by
the US transducer as a photoacoustic emission (Fig. 2.1 a2, c2, d2). The resulting gas
bubble reflects sound waves, providing US image contrast (Fig. 2.1 a3, b3, d3).
Additionally, following vaporization of the droplet, the encapsulated photoabsorber can
continue to absorb light from the pulsed laser and is a source of PA contrast based on

thermal expansion (Fig. 2.1 a4, c4, d4).
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Figure 2.1:  (a) Schematic of photoacoustic nanodroplets: (1) Nanodroplets in their
liquid, anechoic state before activation, (2) Particles emitting strong
photoacoustic signal upon pulsed laser irradiation, (3) Vaporized
hyperechoic gas microbubbles, (4) Continued photoacoustic contrast from
thermal expansion of the optical absorber. (b) Ultrasound and (c)
photoacoustic images of the droplets during each stage of imaging, (d)
Mean ultrasound and photoacoustic signal from the nanodroplets over time
and corresponding laser pulses.
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2.1. Benefits of Optically Triggered Nanodroplets

The triggered activation of the particles provides several advantages over
traditional US and PA contrast agents. First, liquid nanodroplets are smaller than gas
microbubbles®, allowing for extravasation from leaky tumor neovasculature via the
enhanced permeability and retention effect’. Their liquid state results in greater stability
due to a lack of PFC diffusion, which gives them longer half-life in vivo for a longer
imaging window®?. While liquid nanodroplets can be triggered with HIFU and still confer
the advantages mentioned, optically triggered nanodroplets provide additional advantages.
First, PAnDs emit a strong, one-time PA signal upon vaporization, so they can be detected
with higher contrast than microbubbles among many other endogenous optically absorbing
chromophores such as blood and melanin'®. Second, the energy required to vaporize

11,12
5

nanodroplets using HIFU can be great and induce harmful microbubble bioeffects )

PAnDs provide a way to induce vaporization more safely.

2.2 Design Criteria

Several criteria were considered when designing the PAnDs for a biomedical
imaging application. First, for a clinically relevant particle, the construct must be made
entirely of safe, approved materials. A formulation of PAnDs has been synthesized entirely
of approved materials—specifically FDA-approved indocyanine green dye—to meet this

requirement'?

. Furthermore, the fate of the particles once injected is of concern. In addition
to uptake by the tumor, perfluorocarbon emulsions show uptake by the liver, which varies
depending on the shell material used®. This indicates that the surfactant shell—polymer,
lipid, or protein—may affect the pharmacokinetics of the PAnDs. The lipid and BSA

protein shells have been used in many applications and are safe for PAnD synthesis, and
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the perfluorocarbon has been used in clinically available microbubble preparation.
Ultimately, perfluorocarbons are eliminated through expiration!*©,

Next, the contrast provided by the particles was considered. To maximize utility at
biologically relevant imaging depths, the droplets must be sensitive to vaporization. Both
the type of perfluorocarbon and photoabsorber can be modified to achieve this. Low boiling
point PFCs, which have a shorter carbon chain, are more volatile, and PFC nanodroplets
made from them vaporize in response to lower local laser fluence. However, if the boiling
point is too low, synthesis of the particles becomes difficult, and droplets spontaneously
vaporize at body temperature, eliminating their use. For a stable particle, the type of
photoabsorber greatly affects the vaporization sensitivity. Although ICG dye is approved
for clinical use, other encapsulated materials such as gold nanoparticles or nickel-based
dyes provide stronger optical absorption and thus improved sensitivity to vaporization.

Lastly, for molecular imaging applications, the targeting strategy must be
considered. For this reason, the shell material used to synthesize the droplets must be
chemically compatible with a binding molecule. Previous reported formulations use lipid

1719 or antibody binding?° to target PFC particles to a desired

shells and avidin-biotin bonds
region, although many strategies have been explored?!-?2,

2.3 Materials

The materials used to synthesize the droplets are as follows. First, the core of the
droplet consists of a liquid perfluorocarbon. Droplets were synthesized using
perfluorobutane (PFB), perfluoropentane (PFP), and perfluorohexane (PFH). Each of these
differs in the length of the carbon chain, which has a drastic effect on the boiling point of
the liquid and thus the properties of the droplets. The droplet is surrounded by a stabilizing
shell, which yields a smaller particle due to its surfactant properties, and provides an

interface for further decoration with targeting molecules. The shell material used was either
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Photoabsorber | Pros Cons
Indocyanine Clinically approved Difficult to solubilize into PFC
green particles,
absorbs relatively weakly,
does not absorb strongly at 1064 nm,
expensive
Gold Absorb strongly, Requires extensive modification to
nanorods can be tuned to absorb at any | encapsulate into PFC droplets,
wavelength not clinically approved
Epolight™ Hydrophobic, facile synthesis | Not clinically approved,
3072 dye strong absorption at 1064 nm, | contains Nickel
enabling activation  with
Nd:YAG laser,
inexpensive
Quantum dots | Absorbs 1064 nm light, | Weak absorber,
enabling activation using | difficult synthesis and incorporation
inexpensive Nd:YAG later into PFC
Acridine Can encapsulate into PFC | Absorbs at 532 nm,
orange particles not clinically approved
Methylene Absorbs ~700 nm light Difficult to encapsulate into PFC
blue particles,
not clinically approved
Table 2.1: Photoabsorbers used for optically triggered PFC nanodroplets
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bovine serum albumin (BSA), a cocktail of lipids, or Zonyl FSO polymer. These materials
may differ in resulting size of the droplets?>*, stability**, stiffness>, and ability to attach

targeting molecules®.

Lastly, the PAnDs require an optical absorber; several different agents have been
used to absorb light and induce vaporization. Preceding this work, gold nanorods were
encapsulated in the PFC core!®. Several options for photoabsorbers are explored and
experimented with here, including indocyanine green (ICG), an FDA-approved dye
commonly used for optical imaging (Fig. 2.2); high-aspect-ratio gold nanorods, which
absorb light at 1064 nm; Epolight™ 3072 dye, which absorbs light at 1064 nm; Acridine
Orange dye, which absorbs 430 nm light. Each absorber has its own advantages. Epolight™
is hydrophobic, soluble in PFC, and thus easy to incorporate into PAnDs, requiring no
modification. Gold nanorods absorb light strongly, yielding a droplet sensitive to
vaporization. Epolight™ is inexpensive, and ICG is clinically approved. A summary of the

dyes can be found in Table 2.1.
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Figure 2.2: 3D rendering of larger synthesized ICG-loaded nanodroplets using
confocal microscopy. Scale bar = 10 pm.

2.3.1 Synthesis of Indocyanine Green-Loaded Perfluorocarbon Nanodroplets

An emulsion of blank droplets consisting of a perfluorocarbon core surrounded by
an albumin shell was first synthesized. First, 2.7 mL of 2 mg mL™! bovine serum albumin
(BSA) (Sigma) kept at 10 °C was added to an 8 mL glass scintillation vial. Next, 0.3 mL
of perfluoropentane (Dodecafluoropentane) CsFi> (FluoroMed) (PFP) was added to the
vial. This solution was kept on ice to prevent evaporation of the PFP during creation of the
emulsion, which has a boiling point of 29 °C. Next, the vial was shaken using a Mini
Vortexer (VWR) on speed setting 10 for 10 s, to emulsify the PFP into submillimeter
diameter droplets. An ultrasonic cleaner (VWR) was filled with water at 10 °C, and the
vial was sonicated in the tank at 180 W for 3 min, while the vial was simultaneously shaken
by hand, to emulsify the solution as much as possible and to disrupt the droplets into
smaller sizes. A slight excess of PFP in the solution formed a bolus in the bottom of the

vial, so ~2.5 mL of the 3 mL droplet solution was transferred to another 8 mL glass vial,
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excluding the bolus of PFP. After emulsification into a nanodroplet size, the Laplace

pressure increases the boiling point of the droplets to 70 °C or higher, depending on size.

Droplets can be made similarly with a shell consisting of Zonyl FSO, by mixing
1.7 mL of water with 1.0 mL of 1% v/v aqueous Zonyl FSO before adding
perfluoropentane. Droplets can be made with a lipid shell in a manner similar to that

reported by Marsh et al?¢,

To encapsulate ICG as a photoabsorber, droplets were made with BSA as a shell.
When droplets were made with Zonyl FSO as a shell, the droplets evaporated and dissolved
during the process of encapsulating ICG. The ICG was encapsulated in the droplets using
a modified method by Rodriguez et al’’. A 1 mL solution of 2 mM ICG in chloroform was
made by adding powdered ICG (Cardiogreen) (Sigma) to chloroform (Sigma). Depending
on ICG supplier, the dissolution of ICG may require additional steps (Contact author for
information). A separate 1 mL solution of 12 mM tetrabutylammonium iodide (TBAI)
(Acros) in chloroform was made similarly. The 1 mL solution of TBAI was added to the
ICG solution, resulting in a 1 mM ICG and 6 mM TBAI solution in chloroform. The
solution was sonicated using a VWR Ultrasonic Cleaner at 180 W for 30 min.

The glass vial of blank droplets was placed on a stir plate and stirred at 1200 rpm,
while 2 mL of the ICG-TBALI solution in chloroform was added dropwise. Next, a vacuum
tube was attached to the top of the vial, and the chloroform was evaporated from the
solution. Chloroform, whose bulk boiling point is 61 °C, evaporates more readily under
vacuum than do the PFC droplets, most of which have a boiling point above 70 °C. All
observable chloroform was evaporated from the emulsion, requiring approximately 30 min.
A green-colored, milky solution of droplets remained. This solution was transferred to a

2.5 mL plastic centrifugation tube and centrifuged at 200 rcf for 5 min using a MiniSpin
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plus centrifuge (Eppendorf). After centrifugation, a dark green pellet of droplets formed at
the bottom of the tube, and the light green supernatant was discarded. The supernatant was
replaced with water at 10 °C, and the droplets were resuspended by shaking in the Vortexer
and sonicating in the VWR benchtop sonicator set at 180 W for 3 min. The solution was
washed three times in this fashion, and the supernatant was colorless at the end of the third
centrifugation. The droplet emulsion as made was diluted by 1000% in saline before
experimentation, yielding a final droplet concentration of 10% droplets/mL and a dye
payload of 0.58 ug mL! of ICG.
2.3.2 Synthesis of Nanodroplets Encapsulating Gold Nanorods

To synthesize PAnDs that encapsulate gold nanorods, first gold nanorods must be
made using a seed-mediated growth method, and then the nanorods must be modified to be
soluble in PFC or to adhere to the PAnD shell. First, a growth solution was made by adding
5.2 mL AgNOs (4 mM), 44 mL of water, 19.2 mL of HCI (1 M), and 8 mL of HAuCl4 (10
mM) to 80 mL of CTAB (0.20 M) under gentle mixing, followed by the addition of 2.4 mL
of ascorbic acid (0.0788 M). To make the seed solution, in a separate vial, 2.5 mL of CTAB
solution (0.20 M) was mixed with 1.5 mL of HAuCl4 solution (1 mM). Then 0.60 mL of
ice-cold NaBHj4 solution (10 mM) was added to the mixture and vigorously stirred for
2 min at 25 °C, which resulted in the formation of a brownish yellow seed solution. To
grow nanorods, 0.32 mL of the seed solution was added to the growth solution at 27-30 °C
under gentle stirring for 30 seconds. The solution then aged for another 12 hours at 27—
30 °C. The resulting gold nanorod solution was centrifuged at 5,000 rcf for 15 min to
discard unwanted gold nanosphere side products; the nanospheres were concentrated in a
pellet, while the nanorods remained in suspension. To reduce CTAB concentration, the
nanorods were centrifuged twice at 18,000 rct for 45 minutes. The CTAB-stabilized gold

nanorod dispersion was added to an equal volume of aqueous mPEG-thiol (0.2 mM)
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solution under vigorous stirring. The mixture was sonicated for 5 minutes and left to react
for 8 hours. Excess mPEG-thiol molecules were removed by centrifugation filtration at
3,000 rcf for 10 min, and the PEGylated gold nanorods were re-suspended in water.

The surface chemistry of the PEGylated nanorods renders them hydrophilic and
thus insoluble in organic PFC. To solubilize the nanorods in PFC, the surface of the
nanorods was modified using an adapted method by Gorelikov et al?®. Briefly, 15 mL of
PEGylated nanorods were added to 5 mL of methanol and centrifuged at 2,500 rcf for
15 minutes. The supernatant was discarded, and the nanorods were resuspended in 15 mL
of methanol. This was repeated 4 times. To fluorinate the nanorods, 300 uL of
1H,1H,2H,2H-perfluorodecyl-triethoxysilane was added to 15 mL of nanorods in methanol
and stirred for 5 minutes, followed by the addition of 5 mL of a 28% ammonium hydroxide
in water solution and stirred for 24 hours. The supernatant was removed by decanting and
air flow, and the nanorods were resuspended in 0.3 mL of perfluoropentane by sonication.
To synthesize the PAnDs, 0.3 mL of the now PFC-soluble nanorods was added to 2.2 mL
of phosphate buffered saline (0.01 M) and 0.5 mL of 1% v/v Zonyl FSO fluorosurfactant,
which was then vigorously shaken and sonicated using an ultrasonic cleaner. The solution
was extruded through a 1.0 um polycarbonate membrane to ensure that droplet size did not
significantly exceed 1.0 um. Previous studies of similar particles report a mean size of 600
nm diameter. The extinction spectrum of the aqueous nanorods was measured using a
spectrophotometer to confirm the peak absorption wavelength. Previous formulations of
optically triggered perfluorocarbon droplets show small shifts in peak optical absorption,
as well as broadening of the absorption peak during nanodroplet synthesis'®?%2°, This is
consistent with modeled and measured optical properties of other composite
nanoconstructs such as nanorods coated with silica of various thicknesses. The aqueous

nanorods strongly absorb light around 1060 nm. While the nanorod-loaded PAnDs exhibit

33



scattering that increases at lower wavelengths, the strongest absorption remains in the NIR
range, allowing them to be activated by an Nd:YAG laser emitting 1064 nm light.
2.4 Measurable Properties
2.4.1 Size, Absorption, Encapsulation Efficiency

The nanodroplets were characterized for size, dispersity, encapsulation efficiency,
optical extinction spectrum, and targeting capabilities. The general size and range was
observed using light microscopy (Fig. 2.3a), and then quantified with dynamic light
scattering (Fig. 2.3b). The PAnDs range in size from 200 to over 1000 nm in diameter.
Next, the encapsulation efficiency of the ICG-loaded PAnDs was measured using
spectroscopy before and after washing the particles by centrifugation. The encapsulation
efficiency of ICG in the droplets was 75%, with a payload of 0.58 mg of ICG per milliliter
of sample. As made, the sample concentration is approximately 10° droplets/mL, yielding
5.8 x 10 mg ICG per droplet. The average droplet size was 600 nm with a dispersity of
0.28. Droplet size is influenced by BSA concentration, sonication time and power, as well
as filter pore size during extrusion. For example, nanodroplets have been created with
average diameters ranging from 200 to 1000 nm. In our studies, the nanodroplets have a

600 nm average diameter.

34



Blank ICG- Blank

Droplets Loaded Dropletsin
in Water Dropletsin -~ Aqueous
Water ICG

Before Centrifugation

Extinction (a.u.)

@
~

le)

= Blank Droplets
= ICG-Loaded Droplets
Blank Dropletsin Aq ICG

1

Figure 2.3:

L L L L '
400 $00 €00 700 800 900 1000 1100

Wavelength (nm)

(a) Phase microscopy image of ICG-loaded PFC nanodroplets in water. (b)
Size distribution of the droplets measured by dynamic light scattering.
Photographs and diagrams of (c) prepared and (d) washed samples (from
left to right): blank droplets in water, ICG-loaded droplets in water, and
blank droplets in aqueous ICG. (e) Extinction spectra of the samples before

Extinction (a.u.)

Percent (%)

Washedvia
centrifugation

Blank ICG- Blank

Droplets Loaded Dropletsin
in Water Dropletsin =~ Aqueous

Water ICG
After Centrifugation

e Blank Droplets

1.8 (f) —— ICG-Loaded Droplets
i Blank Dropletsin Aq ICG
1.4}
1.2}
1 -
0.8f
0.6f
o e
0.2f B
———————
0 L L . . R )
400 500 600 700 800 900 1000 1100

Wavelength (nm)

and (f) after washing. Scale bar = 20 pm.

35



Three samples of droplets were synthesized for comparison of extinction spectra
and dye encapsulation: blank PFC nanodroplets, ICG-loaded PAnDs, and blank PFC
nanodroplets in a solution of aqueous ICG (Fig. 2.3c). The mass of ICG in the droplets
before (Fig. 2.3¢) and after (Fig. 2.3d) washing was measured using optical spectrometry.
The ICG dye was added to a blank droplet solution until it reached equivalent optical
density (OD) (1 cm path length) to that of the ICG-loaded droplets (Fig. 2.3¢). After
washing via centrifugation three times, the ICG-loaded droplets did not lose color, but the
blank droplets in aqueous ICG did (Fig. 2.3d). The peak OD of the loaded droplets was
75% of its original value after washing, and the OD of blank droplets in aqueous ICG fell
below the OD of blank droplets in water caused by scattering alone (Fig. 2.3f). These
measurements indicate that some ICG is adherent to the droplet’s BSA shell, which is
expected due to the affinity of ICG to albumin®'. However, the encapsulation method
ensures that nearly all of the ICG added to the emulsion via solvent evaporation is present
after washing, which is paramount to optically triggered vaporization.

To confirm that ICG was in the droplet PFC core, rather than dissolved in the
aqueous solvent or adherent to the BSA shell, three samples of droplets were synthesized.
These samples were similar to those previously mentioned, but larger in diameter, and
imaged using confocal microscopy to identify the location of dye within the solution. The
ICG is distributed throughout the PFC core of the particles when loaded using the reported
method, whereas blank droplets in aqueous ICG do not encapsulate the dye within the

particle (Fig. 2.4).
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Figure 2.4:  (a) Z-stack of confocal fluorescence images of ICG-loaded perfluorocarbon
nanodroplets. (b) Brightfield (left) and confocal fluorescence images (right)
of blank droplets in water (top), ICG-loaded droplets in water (middle), and
blank droplets in aqueous ICG (bottom). (c) Brightfield (left) and confocal
fluorescence (right) images of ICG-loaded nanodroplets before irradiation
(top), and the resulting microbubbles after laser irradiation (bottom). Scale
bars = 10 pm.

2.5. Optical Absorber for Activation

The peak optical absorption wavelength of the particles, and thus wavelength for
activation, depends on the properties of the encapsulated photoabsorber. Initially in this
work, droplets were synthesized with ICG to promote clinical translation of the particles

(Fig. 2.5a). While this dye is clinically approved, its absorption of light is weaker than that

of other optical absorbers used in imaging. The peak absorption of ICG-loaded droplets is

in the 700-800 nm range (Fig. 2.5b). As previously mentioned, PAnDs were also
synthesized using high aspect ratio gold nanorods as a photoabsorber (Fig. 2.5¢), which
can be tuned to absorb light strongly at 1064 nm (Fig. 2.5d). If imaging is conducted at

1064 nm, absorption of hemoglobin and blood is reduced, and the PAnDs can be activated

by an inexpensive Nd:YAG laser source’. Finally, PAnDs were synthesized using

Epolight™ 3072 dye which absorbs light around 1060 nm (Fig. 2.5¢). While this dye is not

clinically approved, its solubility in PFC makes for facile synthesis of PAnDs that are

activated using a 1064 nm laser (Fig. 2.5f).
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Figure 2.5:  (a) Samples of droplets synthesized using ICG and (b) their extinction
spectra. (c¢) Gold nanorods before and after modification for use in
perfluorocarbon, and (d) extinction spectra of the rods and nanodroplets. ()
Near infrared absorbing Epolight™ 3072 dye used to make nanodroplets
(left), blank droplets (middle), and dye-loaded droplets (right). (f)
Extinction spectra of the dye and nanodroplets. Scale bar = 50 nm.

2.6 Synthesizing Targeted Nanodroplets

In contrast agent development, the targeting of specific biomarkers is a powerful
tool for diagnosing and treating disease at the earliest stages, because these molecular

3335 In any area of

signatures appear long before other identifiable characteristics
biomedical imaging with contrast agents, researchers pursue the feasibility of targeting the
agents to specific disease markers. While PAnDs are an emerging contrast agent, they share
constituent characteristics with more commonly studied microbubbles, which have been
used in many molecular targeting studies'®!**¢°, To show the feasibility of targeting with
PAnDs, lipid-coated PFC nanodroplets were synthesized as described before. One sample

of nanodroplets was additionally modified with an anti-EGFR antibody. Next, two samples

of identical BT474 breast cancer cells were incubated with PAnDs for 2 hours, one
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containing the antibody. After incubation, the cells were washed and then imaged using
optical microscopy. Images show the greater affinity of the antibody-conjugated PAnDs

for breast cancer cells (Fig. 2.6).

PANnDs with AB PANnDs without AB

Figure 2.6:  Phase microscopy images of BT474 breast cancer cells after mixing with
antibody-conjugated (left) and non-antibody-conjugated nanodroplets.
Arrows indicate the location of the droplets.

2.7 Conclusions

Optically activatable perfluorocarbon nanodroplets were designed according to the
criteria of high US and PA contrast, biocompatibility, clinical translation, sensitivity for
deep imaging, and cost. By varying the type of photoabsorber, a particle can be synthesized
with clinically approved materials (ICG), one with biocompatible materials capable of
triggering by an inexpensive Nd:YAG laser (gold nanorods), and one with facile synthesis
and activation using an ND:Y AG laser (Epolight™ 3072 dye). The small size and targeting
capabilities make them a strong candidate for molecular based imaging of early stage

tumors.
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Chapter 3: Ultrasound and Photoacoustic Imaging of PAnDs: Phantoms and EXx vivo

To determine if the optically triggerable nanoparticles are functional as an imaging
agent, several experiments were conducted. First, the nanodroplets were simply imaged as
synthesized in aqueous solution using US and PA methods. They were imaged ex vivo to
validate their behavior in a tissue-mimicking environment, and to assess the contrast of
PANDs activated with 1064 nm light. In later chapters, in vivo imaging experimental results

are reported.

It is also critically important in imaging experiments to quantify the enhancement
of images from the contrast agent. Therefore the collected data was used to calculate image

contrast and contrast-to-noise ratio, which is reported here.
3.1 Ultrasound and Photoacoustic Imaging of Nanodroplets in Solution

To test the ability of the PAnDs to improve US and PA image contrast, and to
characterize their imaging properties, a series of components was assembled as shown in

Fig 3.1a.

[ TovevoLazR
ultrasound/
Ultrasound/ | photoacoustic
photoacoustic | imaging system
imaging probe.

Transfer pipet
containing
nanodroplets

Imaging probe
0.28 mn? RO used
for image analysis

sectional view of pipet

ctional view of p

Figure 3.1:  (a) Imaging setup for nanodroplet samples, using a Vevo LAZR dual US/PA
imaging system. (b) Depiction of droplets within the pipette in the
ultrasound imaging plane. (c) Ultrasound image depicted with the
subsectioned ROI used for signal analysis. Scale bar = 2 mm.
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The PAnDs were synthesized, diluted 1000x and aspirated into a transfer pipette.
To stabilize the transfer pipette during irradiation and for ease of imaging, it was inserted
into a block made of polyacrylamide gel. To construct the gel, 64 mL of water was stirred
at room temperature, and added to the water was 21 mL of 40% acrylamide (Ambion),
850 pL of ammonium persulfate (Sigma-Aldrich), and 106 pL of
tetramethylethylenediamine (TEMED) (Sigma). The solution was poured into a mold
which contained an inclusion to create a hole for the pipette. The phantom set in 20 min

and was stored submerged in water in the refrigerator until ready for use.

The gel block was placed under a Vevo 21 MHz US/PA imaging probe, which was
connected to the combined US/PA VevoLAZR imaging system (Fig. 3.1a). Ultrasound gel
was applied to the block and the probe was positioned so that the optical beams intersected
at the position of the pipette. Ultrasound B-mode data was first collected from the cross
section of the pipette (Fig. 3.1b) without optical irradiation, in which droplet samples were
suspended. The transmit US power was set to 1% to avoid or minimize any mechanical
(i.e. pressure) contribution to droplet vaporization (1% power ~350 kPa). The imaging
system was operating in a single-focus imaging mode, with the ultrasound beam focused
at 20 mm below the surface of the transducer. The pipette was placed so that its cross
section spanned 9-13 mm range below the transducer. Because droplets are denser
(1.6 g mL™?) than the aqueous solvent, a new sample of droplets was aspirated into a pipette
to prevent droplet settling within the before PA imaging began. The pipette was inserted
into the gel block, and the laser was turned on while US and PA data were simultaneously
collected. The 780 nm wavelength, 5 ns laser pulses irradiated the sample at 20 pulses/s
and a fluence of 20 mJ cm2, while US and PA frames were captured at a rate of one frame
per laser pulse (20 frames/s). B-mode 1Q data was collected for analysis of contrast

enhancement by custom-designed programs developed in MATLAB.
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To measure the mean US signal for a given laser pulse (frame), the signal was

converted to dB, then averaged in the ROI (Fig. 3.1c). Each point in the graph is calculated

by

Mean US Signal = w (3.1)
where 1j is the normalized (by maximum pixel of all US images) linear intensity of each
pixel in the ROI, and N is the total number of pixels in the ROI. The selection of the ROI
within the image frame (Fig. 3.1c) has an effect on the resulting measurement of mean US
signal. Because acoustic shadowing occurs more at higher temperatures, there is a gradient
of US signal intensity with depth (deeper — more shadowing — artificially lower signal).
By selecting the ROI close to the top of the pipette, this effect is minimized, and it is more
accurately shown that at 50 °C there is more vaporization than at 37 °C.

Using the same signals at various temperatures (23 °C, 37 °C, 50 °C), contrast and

contrast-to-noise (CNR) were computed from the activated ICG-loaded PANDs:

Contrast = H(Ii,bubbles)_#(Ii,background) (32)
H(li,background)
CNR = 20[0910 #(Ii,bubbles)_#(Ii,background) (33)

U(Ii,background)

where i is the average linear US intensity in one of the 16 sub-ROls in the US image,
1(li, bubbles) 1S an average of 16 values of Ii, where each I is an average of all pixel values
(linear US signal) in the small square. li, background iS calculated the same way, using an ROI
(and 16 sub-ROls) outside of the pipette region, and o is the standard deviation of 16 values

of I.
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Photoacoustic measurements were made in an identical fashion, but using the PA

images from the first laser pulse as a measurement of signal rather than the US images.

Several values of contrast and CNR were obtained by moving the ROI within the image.
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Ultrasound images before and after laser irradiation of samples of (i) blank
droplets in water, (ii) ICG-loaded droplets in water, and (iii) blank droplets
in aqueous ICG (50 dB display dynamic range), and average US intensity
in the ROI for each US frame. Error bar represents 1 standard deviation
above and 1 standard deviation below the mean value. N > 3 for all reported

values, 37 °C, scale bar = 2 mm.
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Figure 3.3:  Diagram and PA image from the first laser pulse irradiating the samples of
(i) blank droplets in water, (ii) ICG-loaded droplets in water, and (iii) blank
droplets in aqueous ICG. Average PA intensity, measured in the denoted
ROI, over a number of laser pulses (20 pulses/s) or time. Error bar
represents 1 standard deviation above and 1 standard deviation below the
mean value. N > 3 for all reported values, 37 °C, scale bar =2 mm.

To verify droplet vaporization and assess contrast enhancement, B-mode US data
were collected from the same three samples, both before and during laser irradiation. The
US images of the ICG-loaded droplets exhibit a drastic increase in US contrast upon
irradiation, which is absent in the other two samples of blank droplets (Fig. 3.2). The US
contrast increases from 1.2 to 14 (a.u.), and the CNR increases from 21 to 46 dB
(Table 3.1). In its liquid droplet form, the PFC adds little US contrast to an aqueous
background because of its similar acoustic impedance. However, upon optical triggering
of an ICG-loaded PFC-droplet, the acoustic impedance of gaseous PFC decreases due to a
substantial decrease in density and slight decrease in speed of sound, as indicated by the

change in US contrast.
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The photoacoustic contrast enhancement through droplet vaporization is shown
after the initial laser pulse, and the average signal is quantified over several pulses
(Fig. 3.3). A Vevo LAZR imaging system was used to simultaneously collect US and PA
data from the samples, using a laser emitting 780 nm light at a fluence of 20 mJ cm2.
Photoacoustic images of a sample containing either (i) washed blank droplets in water, (ii)
washed ICG-loaded droplets in water, or (iii) unwashed blank droplets in aqueous ICG
(Fig. 3.3) were measured. Upon irradiation, the blank droplets in water emitted no PA
signal that was detectable (i.e. the signal was below the system noise). However, for ICG-
loaded droplets, the PA signal due to vaporization was 10x higher than that of the system
noise, indicating that the dye encapsulated inside the droplet is an effective optical trigger,
and the particles are a source of high PA signal. There was no detectable PA signal from
blank droplets in aqueous ICG, indicating that an equivalent amount of ICG outside the
droplets does not induce vaporization. The PA and US images were further acquired for
subsequent laser pulses—a movie made up of US and PA images of the sample of ICG-
loaded droplets and blank droplets in aqueous ICG during irradiation can be obtained upon
request from the author. In each image, PA signal was averaged over a 0.23 mm? ROI to
demonstrate droplet behavior as a function of laser pulse over 1 s (Fig. 3.3). Upon
irradiation, the PA image contrast is 36 (a.u.), and the contrast-to-noise ratio (CNR) is
51 dB (Table 3.1), compared to 1.1 (a.u.) and 19 dB, respectively, for blank droplets in
aqueous ICG. Subsequent laser pulses result in substantially lower PA signal, because very
few additional droplets vaporize from these pulses. Almost all droplets that are large

enough to vaporize within the sample undergo this phase transition after a single pulse.
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Before Lasing

During Lasing

23 °C

37°C

50 °C

23 °C

37°C

50 °C

Average Ultrasound Measurements +/- 1 x Standard Deviation

Contrast (a.u.)

1.0 +/-0.03

1.2 +/- 0.06

1.7 +/- 0.09

6.1+/-0.2

14 +/- 0.3

19 +/- 0.3

CNR (dB)

20+/-1.1

21 +/- 0.8

23 +/-2.1

38 +/- 0.1

46 +/- 0.4

47 +/- 1.1

Average Photoacous

tic Measurements +/- 1 x Standard Deviation

Contrast (a.u.) | N/A N/A N/A 12+/-5.6 | 36+/-11 |49 +/-18
CNR (dB) N/A N/A N/A 41 +/-47 |51+/-6.2 |55+/-8.6
Table 3.1: Quantified image enhancement for ICG-loaded nanodroplets.

*N>3 for all measurements

3.2 Tissue-Mimicking Phantom Imaging

To demonstrate vaporization of PAnDs loaded with gold nanorods and activated by
a 1064 nm Nd:YAG laser, a polyacrylamide phantom was synthesized with embedded
PANDs at a concentration of approximately 108 droplets/mL. The phantom was brought to
37 °C in a water bath. To induce vaporization, a pulsed Nd:YAG laser was used to irradiate
the phantom at a fluence of up to 90 mJ cm, a value greater than the fluence threshold for
droplet vaporization under these conditions. An air beam of spot size approximately
27 mm? directly irradiated the phantom. To demonstrate that droplet vaporization is
localized to the region of irradiation, a star shaped vinyl mask was used to cover the
phantom, and the phantom was mechanically scanned during irradiation, so that only the
unmasked region was exposed to the laser. After irradiation, the phantom was imaged with
a Vevo 2100 US imaging system. A 21 MHz array transducer was used in pulse/receive

mode to collect B-mode data of the phantom (Fig 3.4a). Additionally, another phantom
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was irradiated using a dual fiber bundle system to visualize the optical path and irradiated

area (Fig. 3.5b).

a To ultrasound/ photoacoustic
imaging system
D

Ultrasound/ photoacoustic
imaging probe

PAnD-embedded
polyacrylamide
phantom

1064 nm pulsed laser
Laser mask

Figure 3.4:  (a) Tissue-mimicking polyacrylamide phantom embedded with
nanodroplets and irradiated with light through a star-shaped mask. (b)
Similar phantom irradiated through dual optical fiber bundles.

Following the selectively masked irradiation of droplet-laden phantoms, the B-
mode scans exhibited greater echogenicity in the irradiated regions (Fig. 3.5). After the
liquid-to-gas transition of the liquid nanodroplet into a gas microbubble, the local
mechanical properties are greatly perturbed, resulting in a contrast of 33 (unitless), and a

contrast-to-noise ratio (CNR) of 41 dB (Table 3.1).
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Figure 3.5:  Ultrasound images of phantoms after laser irradiation. Scale bars = 10 mm
(@), 5 mm (b).

3.3 Ex Vivo Imaging

Ultrasound and photoacoustic imaging studies of the PAnDs were conducted in a
tissue-mimicking environment using porcine tissue as an imaging medium, whose optical
and acoustic absorption and scattering mimic human tissuel. A portion of the tissue, free
of large pieces of fat, was cut into a 3x3x1 cm slab and brought to 37 °C in a water bath.
Before injection of nanodroplets, the tissue was imaged using US and PA systems to
establish background signal. Next, a 0.5 mL bolus of PAnDs (3 x 10! droplets/mL) was
injected into the sample, 1 cm from the front of the tissue where the laser is incident, and
1 cm from the top surface where the US transducer contacts the sample, using US imaging
to guide a needle and to ensure the injection of the droplets within the imaging plane
(Fig. 3.6). A higher concentration of droplets was used to maximize the probability of
vaporization and contrast enhancement. While the laser light was blocked, the tissue was
imaged simultaneously with US and PA techniques, establishing a PA noise floor and

measuring US contrast of the injected liquid-phase PAnDs. The sample was then exposed
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to 1064 nm laser light pulses at a fluence of 90 mJ cm™ while PA and US image data was

collected over 20 pulses, at a rate of 20 pulses/s.
To ultrasound/ photoacoustic
imaging system

| Ultrasound/ photoacoustic
imaging probe

L 1064 nm pulsed laser
porcine tissue

Figure 3.6:  Porcine tissue injected with PAnDs, then probed simultaneously using B-
mode ultrasound and photoacoustic imaging techniques.

The data was analyzed to quantify the image contrast enhancement within the

porcine tissue and to measure the contribution of the particles to image signal over the

native tissue. To do so, two contrast metrics were considered: the absolute contrast and

local contrast. The absolute contrast, or modulation, is given as follows:

1(Airor)~#(Aiblank)
Contrast,,s = L#(Aiblanllc) ar (3.4)

where p(Airor) is the mean signal amplitude of the PAnDs in the region of interest,
calculated using 12 sub-sections, and pL(Aiplank) 1S the mean amplitude of an image with no
target. For PA images, 1(Aiplank) is the mean PA image amplitude when the laser source is
blocked from irradiating the target. For US images, H(Aiplank) iS the mean US image
amplitude of a sample of degassed water.

Local contrast within the porcine tissue sample was measured as follows:
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Airor)—1(Aj g
Contrastlocal — ﬂ( l,ROI) ,u( L,tlssue) (35)

H(Ai,tissue)

where (Al tissue) IS the mean amplitude of the surrounding regions of the contrast-enhanced
image. From these data, the contrast-to-noise ratios (CNRs) were considered. These were

calculated using the following formulas:

_ #(Airor)—#(Ai brank)
CNR,,s = 20logqo T (3.6)
and
CNRlocal — 20[0g10 #(Ai,ROI)_H(Ai,tissue) (37)

J(Ai,tissue)

where a(4ipiank) and o(4i tissue) are the standard deviations of the average signal amplitudes
in each sub-section for images with no target and images of porcine tissue, respectively.
Sectioning was used to diminish the contribution of speckle to the CNR while obtaining an
adequate number of averages. Either 9 (porcine tissue) or 16 (phantom) sub-regions—
based on the size of the ROI—were used to calculate CNR. Each sub-region was
approximately 0.66 mm?2. These measurements are of particular interest when quantifying
a contrast agent’s capabilities in a biological environment®*,

Photoacoustic and ultrasound images of the PAnDs before and after vaporization
in ex vivo porcine tissue are shown in Fig. 3.7. The highest PA signal—which is emitted as
a result of droplet vaporization—occurs immediately after the application of pulsed laser
lightatt=0.5s. Subsequent PA signal results from thermal expansion of the gold nanorods
and is much lower than signal from vaporization. In addition, an increase in US

echogenicity persists following droplet vaporization. Quantitative measurements of
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contrast and CNR in the ROI are given in Table 3.2, which were calculated using Equations

3.4-3.7.
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Figure 3.7:  (a) Photoacoustic images of ex vivo porcine tissue injected with PANDs,
imaged before and during pulsed laser irradiation. Scale bar = 5 mm. (b)
Average PA signal over time for native tissue and tissue injected with
PAnNDs. (c) Ultrasound images of the same tissue sample imaged before and
during laser irradiation. Scale bar = 5 mm. (d) Average US echogenicity
over time for PAnD injected tissue.

Ultrasound echogenicity is enhanced by the activation of PAnDs into bubbles upon
pulsed laser irradiation, resulting in high local contrast and CNR both in a phantom and
in ex vivo settings. The porcine tissue exhibits little native US contrast; however, local
contrast is increased 18 times in the presence of bubbles, while the CNR doubles. The
tissue provides nearly zero endogenous PA signal, but the contrast and CNR increase

dramatically upon vaporization of the PAnDs.

56



Contrastaps CNRuabs Contrastigcal CNRIocal
(dB) (dB)

Ultrasound Signal

Native porcine tissue 1.56 23 21 37
Bubbles in polyacrylamide 31 44 21 29
phantom

Bubbles in porcine tissue 28 48 10 29

Photoacoustic Signal

Native porcine tissue N/A N/A N/A N/A
PAND vaporization in porcine 38 50 38 50
tissue
Thermal expansion in porcine 3.2 27 3.2 27
tissue
Table 3.2: Contrast and contrast-to-noise ratio for various samples measured with
and without PANDs.

3.4 Conclusions

The development of a functional nanoconstruct made entirely of biocompatible
materials is shown here, which enhances contrast in PA and US images in response to an
external optical trigger. The PA and US signal generation from the developed
nanoconstructs and several control nanodroplets was measured. Additionally, a
photoacoustic nanodroplet capable of vaporization using 1064 nm pulsed laser irradiation
has been developed. Using a mask, localized droplet activation at 37 °C was shown,
indicating that the droplets are stable in the body and activated only upon external trigger.
Then an ex vivo porcine tissue sample was used to demonstrate the signal and contrast

enhancement of US and PA signal, which was quantified. These nanodroplets have
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potential for imaging of dense tissue for tumor location using an inexpensive light source
and can act as a triggered drug delivery vehicle for therapeutic purposes.
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Chapter 4: Properties that Influence Optical Droplet Vaporization

As synthesized for the reported studies, the perfluoropentane PAnDs are in a liquid,
but superheated form in their native state. Many factors influence the phase of the droplet
as well as its tendency to undergo a liquid-to-gas phase change. These factors can be
divided into properties of the droplets themselves, and properties of the environment; both
will be discussed in detail. By exploring these properties, the formulation of PAnDs can be

optimized for a biomedical setting, improving stability and maximizing image contrast.
4.1 Properties of the Droplet
4.1.1 Size

The hydrophobic nature of the PFC causes it to separate from water when the two
liquids are mixed. Normally, because surface tension energetically favors a minimal
surface area contact between a hydrophobic substance and water, the PFC will coalesce
into a single bolus within the water. The addition of a surfactant, however, changes the
chemistry and physics of the emulsion. The surfactant contains a hydrophilic head and
hydrophobic tail. By coating the hydrophobic phase of the emulsion, the surfactant
provides a stable interface between the hydrophobic PFC droplet and the surrounding
water. When an emulsion of PFC in water containing a surfactant is agitated, the PFC
disrupts into small droplets, which are stable due to the surfactant and do not coalesce. By
varying the surfactant and the amount and type of energy used to disrupt the emulsion, the

average size of PFC droplets can be altered.

The size of a PFC droplet has a profound effect on its stability in a liquid state,

which is due to the Laplace pressure exerted by the water onto the droplet, defined as

AP = Py, — Py = 2

=

4.1)
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where y is the surface tension at the droplet/water interface, and R is the radius of the

t1,2

droplet™~. As the radius of the droplet decreases, the Laplace pressure increases. This

increased Laplace pressure increases the boiling point of the droplet (Fig. 4.1)*.

For the purposes of an injectable solution for biomedical imaging and therapy,
small PFC droplets are desirable for a few reasons. First, small particles can escape leaky
blood vessels via the enhanced permeability and retention (EPR) effect, perfusing through
tissue more effectively than larger ones, which are confined to the vasculature®. This effect
allows them to accumulate in tumors.> Additionally, ligand density on the nanoparticle
surface is increased for small particles, allowing for active targeting®. The size of a PFC
droplet affects its boiling point, as mentioned above. For example, many PFC emulsions
are synthesized from perfluoropentane (PFP), which has a boiling point of 29 °C in its bulk
phase. However, in their small droplet form, with the elevated Laplace Pressure, their

boiling point can be elevated to over 80 °C (Fig. 4.1)°.
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Figure 4.1:  Droplet vaporization temperature as a function of droplet size for the surface
tension values of 30 mN m™ and 50 mN m™'.
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Due to their increased boiling point, small PFC droplets are less likely to undergo
spontaneous vaporization, which would defeat their triggering capability. Also, liquid
nanodroplets have a substantially higher lifetime in the body than gas bubbles, likely due
to gas diffusion from the core’. If particles spontaneously vaporize, the time for imaging
decreases. Lastly, the shelf life of smaller droplets is increased due to the increased

stability.

A drawback of small PFC droplet size is that they are less sensitive to vaporization
than their larger counterparts. When the boiling point is vastly increased, a great deal of
energy (thermal and/or mechanical) is required to induce vaporization. This limits the depth
at which the particles can be activated using a safe dose of energy. For this reason, a
tradeoff exists between the perfusion ability of very small droplets (<100 nm) and the high
vaporization sensitivity of larger droplets. Because small particles are generally preferred
as an injectable construct, it is desirable to find an efficient method of droplet vaporization,

so a small droplet can be synthesized and also triggered using safe energy levels.

Although some methods using microfluidics have been reported which can
synthesize monodisperse PFC droplets, these methods are typically low-yield and can only
produce droplets several microns in diameter® '°. To make droplets smaller, bulk PFC in
the presence of a surfactant is ultrasonically agitated, either with an immersion bath
sonication system or a probe sonicator. While this method produces droplets in the nano
size range, the particles are polydisperse, ranging from 100-2000 nm in diameter
(Fig. 2.3b). Some methods, such as centrifugation!!' or extrusion'? can decrease the size
dispersity of particles, but these processes can be cumbersome and decrease the yield of

particles. Groups have researched the production of monodisperse, submicron PFC
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droplets using microfluidics to create a PFC bubble and then condensing them into a

smaller liquid droplet, but considerable complexity is required for this synthesis'>!*.

Due to the wide range of nanodroplet diameters within a given sample, the
sensitivity to vaporization of each droplet can vary greatly. For the largest droplets, low
laser fluence levels are required to induce vaporization, whereas for the smallest particles,
much greater fluence is needed. For example, in a polydisperse sample, the largest 10% of
the droplets may vaporize at a fluence of 10 mJ cm™, whereas this energy is insufficient to
vaporize anything smaller, due to the increased Laplace pressure and thus droplet boiling
point. At a fluence of 40 mJ cm, 50% of the droplets may vaporize, leaving the rest in a
liquid state. It may take 100 mJ cm™ to vaporize an entire population of droplets within a
sample, specifically those less than 100 nm in diameter. Measuring a threshold value for a

single droplet with a known size usually requires optical observation methods!>6.

To determine the threshold laser fluence for visualizing the vaporization of our
synthesized optically triggerable PFP nanodroplets, a phantom of nanodroplets was
constructed and imaged with US while irradiating it with increasing levels of optical
energy. While keeping all other variables constant, the laser fluence irradiating a phantom
was varied to determine the threshold for US visualization of PAnD vaporization. The
experimental design was similar to that in Fig. 3.4a, with two major differences: the sample
was not moved during laser irradiation and US data were collected immediately before,
during and after irradiation. The concentration of droplets within the phantom was
approximately 107 droplets/mL, decreased in this experiment to reduce US signal from
nanodroplets prior to vaporization, providing a clear distinction for detecting vaporization

threshold.
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Image data from each sample was divided into two frames, before and after

irradiation. For each of these frames, the following metrics were calculated:

signal (dB) = Zpixels inro1 20 * log,0(A4) 4.2)

and

A Si.gnal (dB) = Signalafter irradiation — Signalbefore irradiation (4-3)

where 4 is the linear US amplitude at a given pixel in the image. To quantify the difference
in US signal after vaporization, 4 signal was plotted as a function of laser fluence,

including 0 mJ cm™ (i.e. no laser irradiation) to show noise of the measurement.
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Figure 4.2:  (a) Ultrasound signal difference as a function of laser fluence. (b)
Ultrasound signal difference at low laser fluences, demonstrating the
fluence at which measurable vaporization is detected. (c-e) Droplet-laden
polyacrylamide construct before pulsed laser irradiation. (f-h) Construct
after irradiation at various fluences, showing droplet vaporization. Images
displayed on a 50 dB scale. Scale bar = 5 mm.
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Irradiation of the phantom at increasing levels of fluence results in the vaporization
of more droplets, and thus greater increases in echogenicity, which is quantified in Fig. 4.2a
and 4.2b and shown visually from ultrasound images before laser irradiation in Fig. 4.2c-
4.2e, and after irradiation in Fig. 4.2f-4.2h. This sample of droplets ranges from 200 to
800 nm in diameter. At low laser fluence, only the largest droplets vaporize, because they
require the least energy to undergo phase change. At higher fluence, the smaller droplets
vaporize as well. To determine the threshold for vaporization that is detectable by US in
these conditions, the change in US signal was calculated at various fluence levels, and the
threshold was considered to be the fluence at which a significant change in echogenicity is
measured. In these conditions, a minimum fluence of 4 mJ cm™ was necessary to induce

vaporization that results in a detectable change in US signal, shown in Fig. 4.2b.

4.1.2 Type of Perfluorocarbon (Boiling Point)

It has been shown that the size of the droplet has a profound effect on its
vaporization sensitivity and thus imaging depth. Another feature of PFC nanodroplets
which affects their imaging properties is the type of perfluorocarbon used to synthesize the
droplets. Namely, the length of the fluorocarbon chain influences the boiling point. Three
commonly used PFCs used to synthesize US contrast agents for medical applications are
perfluorobutane (C4F10, boiling point = -1 °C), perfluoropentane (CsFi2, boiling
point = 29 °C), and perfluorohexane (CsF14, boiling point = 56 °C) (Fig. 4.3). It is expected
that lower boiling point droplets experience a lower vaporization threshold at the expense
of stability. Higher boiling point droplets, while easy to synthesize and stable at

physiological temperatures, will require substantial energy to induce vaporization.
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Figure 4.3:  Molecular structures of perfluorocarbons used to create nanodroplets used

in these studies.

The US and PA imaging properties of PFC droplets with different boiling points
was investigated. First, US echogenicity was measured for three different samples of
droplets using a solution of droplets in a pipette and irradiated with a pulsed laser, as shown

in Fig. 3.1a. The linear US intensity before and after lasing are shown in Fig. 4.4.
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Figure 4.4:  Ultrasound signal from vaporization of PFC nanodroplets using PFCs of
varying boiling points.
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There are a few notable results from the data in Fig. 4.4. First, for a given type of
PFC, as the laser fluence increases, US echogenicity increases. This is the same trend seen
in Fig. 4.2—that is, the smaller (higher boiling point) droplets vaporize only at higher laser
fluence levels. Second, for a given laser fluence, lower boiling point droplets become more
echogenic than higher boiling point droplets upon activation. For example, at 40 mJ cm™,
nearly all of the PFB droplets vaporize in response to the laser; a smaller percentage of the
PFP droplets vaporize at this fluence; and very few PFH droplets vaporize. Lastly, it seems
that even at high fluence, very few of the PFH droplets vaporize. To investigate this further,
and to observe PA behavior, the same three samples were embedded in polyacrylamide
phantoms and imaged with US and PA techniques over a period of 10 seconds using the
Vevo 2100 imaging system and pulsed laser light delivered through two fiber bundles,
depicted in Fig. 4.5.

Imaging probe b

a

Figure 4.5:  (a) Droplet-laden phantom irradiated with a pulsed laser while imaged using
ultrasound and photoacoustic techniques. (b) Imaging plane, where red
color indicates region of overlapping optical beams and thus highest energy.
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Figure 4.6:  (a) Average photoacoustic signal as a function of time and frame for

phantoms containing PAnDs made with various boiling point PFCs. (b)

Ultrasound contrast following laser irradiation of perfluorohexane, (c)
perfluoropentane, and (d) perfluorobutane PAnDs.

Figure 4.6a shows the PA intensity as a function of time from each phantom. From

previous experiments, it seems that the greatest PA signal follows the first laser pulse, due

to vaporization of the particles. This is followed by a rapid decay, where some remaining

particles vaporize on subsequent pulses. Finally, the PA signal falls to a steady floor,

representing signal from thermal expansion of the photoabsorber.

Figure 4.6b-d shows the phantoms after irradiation at a fluence of 20 mJ cm™. The
trend in vaporization efficiency is consistent with the particles in solution. However, the

PFH droplets exhibit no increase in echogenicity, indicating that they did not vaporize.

The behavior of different boiling point droplets follows some expected trends, but
also raises some questions. First, upon the initial laser pulse, there is no significant
difference in PA signal among the different types of droplets. However, when comparing

the US contrast, there is a significant increase in contrast from the PFB droplets, indicating
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more vaporization. It was initially believed that the vaporization of the droplets
corresponded to the initial PA signal. However, further investigation explains why the US

signal shown in Fig. 4.6b does not correspond with the PA signal in Fig. 4.6a.

The US images from Figure 4.6b-d were collected simultaneously with PA data at
a frequency of 20 frames/second, corresponding to the laser pulse repetition frequency.
While the vaporization of PFP and PFB droplets can be seen in US images at this frame
rate, the images of the PFH droplet-laden phantom, when viewed at 20 frames/s, suggest
that no vaporization is occurring, while the PA signal shows strong signal normally

associated with vaporization.

To investigate, the same PFH phantom was irradiated with a pulsed laser at
2 pulses/second, while imaged with US at 580 frames/second. Figure 4.7a shows the
average linear US amplitude of the phantom over time, and Fig. 4.7b shows US images of
the phantom. While the images in Fig 4.6b suggest that PFH droplets do not vaporize, the
data at high frame rates show spikes in US echogenicity, followed by decay toward
baseline, which repeats at the rate of the laser pulse repetition frequency. This suggests that
the PFH droplets are undergoing repeatable vaporization, a phenomenon first reported by

Asami et al'’

. This finding might explain the presence of PA signal in the absence of lasting
US contrast enhancement, and has many potential applications for contrast agent

development, explored in Chapter 5.
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Figure 4.7:  (a) Ultrasound signal over time from a droplet-laden phantom irradiated

with 3 laser pulses. (b) Ultrasound images of the phantom before, during
and between laser pulses.

4.1.3 Optical Absorption

Another factor of the PAnDs that influence their vaporization sensitivity is the
amount of optical energy they can absorb and convert to heat and mechanical energy; this
largely depends on the optical absorption coefficient of the droplets. This coefficient can
be increased by the type of dye or nanoparticle, or the amount of encapsulated absorber in
each PFC droplet. When no absorber is included in the sample, laser irradiation is unable
to induce vaporization, as shown in the samples of blank nanodroplets (Fig. 3.2, 3.3). In
response to increasing the amount of photoabsorber in the droplet sample, it is

hypothesized that the vaporization efficiency of the particles will increase rapidly, resulting
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in increased US contrast and PA signal from the initial laser pulse. However, at some
degree of loading, the vaporization efficiency will be maximized, and the addition of more

dye or nanoparticles will not increase vaporization efficiency further.

When measuring PA signal, it should be noted that the signal from the first laser
pulse comes from two sources: 1) the vaporization of the PFC droplet, and 2) thermal
expansion of the encapsulated photoabsorber. Therefore, once the particles are saturated
with photoabsorber, adding more dye or gold nanoparticles will still increase the PA signal,
but only by an amount corresponding to thermal expansion of more particles, and not from
more vaporization. The vaporization provides signal upwards of 10x greater than signal
from thermal expansion (Fig. 3.3), so once the signal from vaporization has reached
maximum efficiency, the extra increase in PA signal should be only 10% as quick as the

increase when vaporization efficiency was increasing.

To test this hypothesis, a series of PFP nanodroplet samples was synthesized, to
which an increasing number of fluorinated gold nanorods was added. The samples were

imaged within a pipette using US and PA methods, (Fig. 3.1a).
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Figure 4.8:  (a) Droplet samples with increasing loading of nanorods. PA images

resulting from droplet vaporization, and US images from the bubbles. (b)
Average PA signal from droplet vaporization, plotted as a function of
nanorod loading. Scale bar = 2 mm.

Figure 4.8a shows the PA and US images immediately following the initial laser
pulse, and Figure 4.8b shows the average PA signal within the tube following the first laser
pulse. As expected, there is initially a rapid increase in PA signal as the number of nanorods
in the sample increases. Eventually the PAnDs are “saturated” with gold nanorods—that
is, the sample contains approximately 1 gold nanorod per droplet. Once this state is
achieved, further increasing the number of nanorods per droplet does not increase the PA
signal from the initial laser pulse. It was hypothesized the adding more nanorods would
still increase the signal, due to thermal expansion. However, because signal from thermal
expansion is so much lower than from vaporization (at this laser fluence), the extra thermal
expansion signal is not detectable above the noise of the measurements (Fig. 4.8b). A more

precise measurement scheme must be devised to test this hypothesis. It should also be noted
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that during the process of modifying the surface of the gold nanorods to bind to the
nanodroplets, there is substantial aggregation and loss of particles. Because of this, the

number of nanorods per droplet is a gross estimation.
4.1.4 Shell Material (Stiffness)

Another parameter which may affect the PFC droplet vaporization sensitivity is the
material used as a surfactant, or shell of the droplet. Materials such as bovine serum
albumin (BSA), lipid cocktails, and polymers have all been used in this project to
synthesize PFC droplets. Each of these materials confers different properties, most notably
stiffness, which may affect vaporization threshold. The shell material also affects droplet
size and dispersity, as well as the ability of gas to diffuse across the membrane, which
affects bubble lifetime. While these have not been studied explicitly for effect on optical
droplet vaporization thresholds, several studies report thresholds for acoustic droplet
vaporization, which varies with shell material. For example, Sheeran et al report a
vaporization threshold of 3.35 MPa for lipid shelled PFB droplets'®. For a lipid shelled PFP
droplet, Schad & Hynynen report a threshold of 4 MPa'>, whereas Lo et al report a
threshold of 5 MPa for an albumin shelled particle!®. Reznik et al report a threshold of
1.6 MPa for PFP droplets with a Zonyl FSO shell'®, suggesting that this material may
increase vaporization sensitivity. Additionally, the shell stiffness has been studied and

20,21

reported for bubble oscillation™", and “it is possible that the stiffness, fluidity or surface

tension of the shell will presumably affect the vaporization process through changes to the

Poisson pressure inside the droplet/bubble.”!?

4.2 Properties of the Environment

In addition to the properties of the PAnDs that determine their sensitivity to

vaporization, several properties of the environment contribute to their liquid-to-gas phase
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change. Most notably, the temperature, elasticity of the surrounding medium, interstitial
pressure, laser fluence for activation, and external US field intensity have measurable
effects on droplet vaporization. Several of these are explored in detail, with implications

for making biomedical measurements.
4.2.1 Laser Fluence

Because the main mechanism for droplet vaporization in the studies reported here
is absorption of optical energy and conversion to heat and pressure, a given sample of
droplets has a laser fluence threshold for vaporization, which may depend on a variety of
factors discussed here. A study was performed in which increasing levels of fluence were
used to irradiate a phantom, and the change in US signal was recorded after each
irradiation. Figure 4.2 shows the results of this experiment, and for the purposes of
visualizing bubbles with a clinical US system, the minimal local fluence required to induce

vaporization of PAnDs was determined to be approximately 4 mJ cm™.

It should be noted that 4 mJ cm™ is the local laser fluence required to induce
vaporization. In biomedical applications, light must travel through human tissue before
reaching the PAnDs, undergoing scattering and absorption due to various endogenous
chromophores®>?. This absorption by blood is possibly the greatest limitation to any light-
based applied imaging or therapeutic tool**. Therefore it is of great interest to increase the

sensitivity of the PAnDs to vaporization as much as possible.
4.2.2 Stiffness/Elasticity of the Environment

In section 4.1.1, it was stated that the local pressure within a droplet has a profound
effect on its vaporization threshold, which is influenced by droplet size. A feature of the

environment which has the same effect is stiffness. As the stiffness of the surrounding
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environment increases, it is hypothesized that it is more difficult for a liquid droplet to
expand into a gaseous bubble 5x larger in diameter. To test this effect, a polyacrylamide
tissue-mimicking phantom was synthesized, whose background contained 10%
acrylamide, yielding a shear modulus of ~5 kPa ; a cylindrical inclusion in the phantom
contained 45% acrylamide for a shear modulus of ~20 kPa®>2". The background was made
to mimic the stiffness of healthy tissue, while the inclusion mimicked a tumor’s stiffness.
The entire phantom was embedded with PFP PAnDs. The experimental design is depicted
in Fig. 4.9a, and the imaging plane is depicted in Fig. 4.9b. A pulsed laser irradiated the
sample via fiber bundles. Ultrasound image data of the phantom was collected before

(Fig. 4.9¢) and after (Fig. 4.9d) laser irradiation.
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Figure 4.9: (a) Tissue-mimicking phantom embedded with PAnDs, with soft
background and stiff inclusion imaged by US probe. (b) Diagram of
imaging plane with inclusion surrounded by background. (c) Ultrasound
image of phantom before laser irradiation. (d) Ultrasound image of phantom
after laser irradiation. Scale bar = 5 mm.
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The stiff inclusion impedes droplet vaporization, or induces rapid recondensation
of the droplets following the laser pulses. By increasing the laser fluence used to irradiate
the phantom, vaporization was induced in both the soft background and the stiff inclusion,
indicating that the droplets within the inclusion were not defunct, but instead their

vaporization was impeded by the phantom’s mechanical properties at a lower fluence.

To quantify the effect of stiffness on droplet vaporization and recondensation, two
separate phantoms made of polyacrylamide were synthesized, with shear moduli of 5 and
30 kPa to mimic healthy and cancerous tissues?®2°. The phantoms were embedded with
PFH nanodroplets, which recondense after vaporization at body temperature. Each
phantom was irradiated by a pulsed laser while being imaged with US at a rate of

580 frames/s.
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Figure 4.10: (a) Linear ultrasound amplitude over time and three laser pulses for
nanodroplets in a hard and soft phantom. (b) Ultrasound images of the
nanodroplets before, during, and after laser irradiation.
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The average linear US amplitude of the irradiated phantom is shown over time in
Fig. 4.10. The soft phantom, shown in blue, experiences a greater increase in US
echogenicity than the hard phantom following the first laser pulse. This is likely due to
increased vaporization efficiency in the sample. This particular laser fluence is sufficient
to vaporize a greater subset of droplets (large and small) in a soft environment, whereas

only a small subset (the largest droplets) vaporize in a stiffer environment.

Because the droplets have a much higher boiling point than the background
temperature, the bubbles recondense after vaporization. And because the environments
differ in stiffness, the rate at which the bubbles recondense differs between a hard and soft

phantom, giving another method to potentially discriminate healthy from diseased tissue.

The US amplitude data in Fig. 4.10 was fit to a power function, and the coefficient
and exponential term were extracted to differentiate hard and soft phantoms. The data from

the experiment reported in Fig. 4.10 was fit to a power function,
y=Ax"8 (4.4)

where y is the linear US amplitude, x is time, and 4 and B are coefficients fitting the decay.
To discern hard from soft phantoms, the coefficients were plotted together and displayed
in Fig. 4.11. It was observed that the power function coefficient was significantly greater
for the equations in the soft phantoms than for the hard ones, but the decay exponent was
not significantly different for the two phantoms. This means that in this experiment, the
total increase in echogenicity in response to a laser pulse depended on stiffness. However,
the decay time for US echogenicity was not significantly different, so stiffness did not

affect recondensation time.
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Figure 4.11  Power function coefficient plotted vs decay exponent for the curves of US
echogenicity in hard and soft phantoms.

4.2.3 Interstitial Pressure

In addition to stiffness, pressure of the surrounding medium has an effect on droplet
vaporization dynamics. It is documented that tumor regions experience elevated interstitial

3031 " which was hypothesized would

pressure relative to the surrounding healthy tissue
impede droplet vaporization and/or hasten the recondensation of bubbles once vaporized,
similar to the effect of size on increased Laplace pressure. To test this, PAnDs were injected
into a dialysis tube inside a water tank, which was closed on one side and connected to a
tank of carbon dioxide, whose pressure could be adjusted manually, as shown in Fig. 4.12.

The droplets were irradiated with a laser and simultaneously imaged with US at a high

frame rate.
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Figure 4.12: PAnDs inside a pressurized tube, irradiated with a pulsed laser and imaged
with high frame rate ultrasound.

The US intensity for various pressures is shown in Fig. 4.13a, and US images during

irradiation are shown in Fig. 4.13b. As expected, increasing the pressure results in

decreased vaporization efficiency (lower peaks) as well as more rapid vaporization (signal

decays back to baseline more quickly).

The differences in vaporization kinetics are most pronounced between 1 and 5
pounds per square inch (psi). Pressures measured in this experiment were much greater
than values of interstitial pressure reported for healthy and cancerous tissues, which vary
between 0.05 and 0.29 psi. Because of this, discerning between tissues would require a
precise measurement. It is more likely that other factors, such as tissue stiffness, would

have a greater effect on vaporization and recondensation.

The behavior of the PAnDs in solution in the dialysis tube differed from that of the

PAnDs embedded in a phantom. When the PAnDs were in solution, rather than embedded
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in a phantom, there was a cumulative increase in US echogenicity over time, most notably
at low pressure. This is likely because the phantom physically impedes bubble formation
more than the liquid environment. To ensure that droplet vaporization is repeatable over
many laser pulses, it is important to use a laser fluence which his high enough to induce

brief, but not stable, vaporization. This balance is also discussed in the work by Asami et
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Figure 4.13  (a) Linear US signal within the tube over time and several laser pulses for
various levels of pressure. (b) US images of the tube cross section after
irradiating under various pressures.

Ideally, by formulating a droplet which is sensitive to repeatable
vaporization/condensation cycles, combined with measuring the dynamics of their US
echogenicity, this imaging technique may be used to map the interstitial pressure and

elastic modulus of potentially cancerous regions, outlining tumor boundaries inside

otherwise healthy tissue.
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4.2.4 External Temperature

Another variable which affects droplet vaporization is external temperature, which
has a similar effect to PFC boiling point. Samples of ICG-loaded droplets and of blank
droplets in aqueous ICG were imaged using PA and US techniques at three different
temperatures: room temperature (23 °C) to observe the effect of irradiation on droplets well
below their boiling point; body temperature (37 °C) to study biologically relevant
conditions; and 50 °C to observe the effects of further superheating the droplets.
Photoacoustic images and signal averages at all temperatures are shown in Fig. 4.14. The
PA signal from ICG-loaded droplets over time (Fig. 4.14a) is accompanied by images from
the first laser pulse for each temperature (Fig. 4.14c). At increased temperatures, the
nanodroplets produce greater PA signal upon vaporization. For the blank droplets in
aqueous ICG, there was no detectable PA signal at any temperature. This is also confirmed
from the US data in Fig. 4.15. Because of the acoustic shadowing at 50 °C, there is greater
signal variance within the frame than at 37 °C. This increase in “noise” artificially

decreases the CNR for the 50 °C case.

Each sample contained droplets ranging in diameter from approximately 200 nm
up to 1 pm, and the Laplace pressure on a small droplet may significantly increase its
boiling point. At lower temperatures, the laser fluence is insufficient to vaporize all (i.e. the
smaller) droplets. At higher temperatures, the PFC is superheated and volatile, so a laser
pulse of the same fluence vaporizes a greater percentage of the irradiated droplets,
producing a higher average PA signal. Alternatively, volume or rate of particle expansion
during irradiation is greater at increased temperatures, inducing stronger PA signal. This
increased signal at high temperatures can be exploited to maximize contrast using this

imaging technique. To do so, factors such as the type of PFC (and thus boiling point),
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droplet size and shell stiffness, and laser fluence may be adjusted. It is noted that at 50 °C,
the PA signal is small but detectable (i.e. above the noise level of the system) during the
subsequent laser pulses, while at other temperatures the PA signal is detected from only
the first pulse. At 50 °C, surrounding droplets in aqueous solution are likely to enter the
imaging plane due to flow caused by vaporization. These introduced droplets undergo
vaporization, prolonging the elevated PA signal in the subsequent pulses. This is also
evident in a movie showing vaporization at high temperature, which is available from the
author upon request. However, it is unlikely to be a significant phenomenon in clinical
imaging conditions if the nanodroplets are imaged outside of the vascular compartments.
This phenomenon was also explored by Reznik et al with regard to ultrasound triggered

droplet vaporization, and similar conclusions were made™?.
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Figure 4.14: (a) Average PA intensity in the ROI from ICG-loaded droplets, and (b) from
blank droplets in aqueous ICG over 20 laser pulses and equivalent time. (¢)
Photoacoustic images of the pipette cross section after the first laser pulse,
observed at three temperatures, from ICG-loaded droplets and (b) from
blank droplets in aqueous ICG. Error bar represents 1 standard deviation
above and 1 standard deviation below the mean value. N > 3 for all reported
values. Scale bar = 2 mm.
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Figure 4.15:  (a) Average US signal in the ROI before and after laser irradiation over each
pulse and equivalent time from ICG-loaded droplets and (b) from blank
droplets in aqueous ICG, displayed on a 50 dB scale. (¢) Ultrasound images
at three temperatures before and during laser irradiation from ICG-loaded
droplets and (d) from blank droplets in aqueous ICG. Error bar represents 1
standard deviation above and 1 standard deviation below the mean
value. N > 3 for all reported values. Scale bar =2 mm.

4.2.5 Ultrasound Pressure Field

One must keep in mind when developing volatile US contrast agents that the
particles are constantly in a US pressure field, even at diagnostic levels. This field affects
droplet vaporization and recondensation. The local changes in pressure from a therapeutic
or even diagnostic level of US can have a noticeable effect on the vaporization threshold
of PAnDs, as well as their condensation kinetics. Many studies have reported using HIFU
to induce droplet vaporization, where a local increase in rarefactional pressure induces a
phase conversion of the PFC droplet®!>!61833-35 In our studies, optical energy is used to
induce vaporization, but it is likely that a combination of photothermal energy from laser

irradiation and mechanical energy from US imaging contribute to droplet vaporization.
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For nanodroplets containing the compounds PFB or PFP, the acoustic vaporization
threshold is reported to be anywhere between 1.6 and 5 MPa, depending on insonation
time?, shell material®®, and transducer frequency>*. It has been shown that vaporization
thresholds are lower for higher frequency US insonation'>7%, Because diagnostic US
imaging can induce pressure levels on the order of 0.5 MPa, and because diagnostic US is
generally in the range of 5 MHz or greater, the acoustic pressure from the imaging

transducer should be considered when inducing optical vaporization.
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Figure 4.16:  Average linear ultrasound amplitude of a droplet-laden phantom imaged at
high frame rate while irradiating with pulsed laser. Ultrasound imaging was
conducted at two pressure levels.

Figure 4.16 shows the average linear US amplitude of a phantom loaded with PFH
droplets, which was irradiated to induce repeated vaporization. As the US power is
increased, the US signal decays more quickly, and the US signal following recondensation

is lower. This is likely due to more rapid recondensation of bubbles in the presence of a

strong US field. It should be noted that the baseline level of US echogenicity is lower for
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higher US power, which is noted by the US amplitude before the first laser pulse. However,

accounting for this, the rate of recondensation is still greater for higher power US.
4.2.6 Concentration of Droplets

The local concentration of PFC nanodroplets may affect the vaporization
sensitivity. Reznik et al measured the acoustic pressure threshold to vaporize samples of
droplets at various concentrations (10°, 107, 10%, and 10° droplets/mL) (Fig. 4.17)*. It was
reported that higher concentrations vaporized at lower pressures, which is in agreement
with findings by Zhang and Porter’®. This is possibly due to a higher probability of
nucleation within the total PFC volume, or greater presence of larger (easier to vaporize)
PFC droplets. It was also hypothesized that an increased concentration led to greater

heating of the sample, which decreased the energy required to vaporize them.
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Figure 4.17  Vaporization pressure threshold measurements as a function of relative
droplet concentration. There is a decrease in vaporization threshold pressure
associated with elevation of this parameter. Each point represents the mean
value =+ the standard error over 10 trials.
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4.2.7 Heating or Pressure (Length of Laser Pulse)

Determining the mechanism of optical droplet vaporization is an area of great
interest!*** | because it would broaden our knowledge of PAnD behavior and help to
improve their properties for increased sensitivity and stability. Much research has been
conducted on acoustic droplet vaporization, and theories about how HIFU induces
vaporization include heating, rarefactional pressure, and inertial cavitation!®!>#*%} Fewer

experiments have been able to elucidate the mechanisms of optical induced vaporization.

An overarching question posed regarding the behavior is “Is heating causing the
droplets to vaporize, or is a photoacoustic pressure wave inducing the vaporization of

superheated particles?”

A few experiments have been conducted by us to possibly elucidate this
mechanism. A phantom embedded with droplets sensitive to light at 1064 nm was
irradiated using two different 1064 nm lasers: a continuous wave (CW) laser, and a pulsed
laser. According to photoacoustic theory, the pulsed laser will induce PA signal from the
optical absorber, given its sufficiently short pulse length, which will bring about thermal
expansion. However, the CW laser will only bring about heating of the optical absorber.
Because the deposition of heat is not concentrated into a short time, thermal and stress
confinement are not achieved (Section 1.4), so no pressure waves will be generated. If the
CW laser can induce vaporization, it could be concluded that induction of a pressure wave

is not necessary for droplet vaporization.
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induce vaporization

Figure 4.18: Effect of pulsed and continuous wave laser irradiation on a droplet-
embedded phantom.
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Figure 4.19:  Laser power as a function of time for the continuous-wave and pulsed lasers
used in the experiments described, highlighting the differences between the
two lasers in energy deposition over time.

After irradiation of the phantom, it was concluded that the CW laser did not
vaporize the PFC droplets, even after 15 minutes of irradiation (Fig. 4.18). Unfortunately,
because the temporal deposition of energy into the phantom and thus thermal gradients is

so different between the two cases, it cannot be concluded that a PA wave is necessary for

vaporization (Fig. 4.18). The pulsed laser delivers an energy payload of 20 mJ in one pulse,
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and one pulse is sufficient to induce droplet vaporization. The continuous wave laser,
which operates at 2 W, achieves 20 mJ in 10 ms. While the pulsed laser has an “average”
power of only 0.4 W, all of this energy is concentrated into 5 ns pulses, whereas the

continuous wave laser spreads out its energy over time (Fig. 4.19).

An infrared camera was used to measure the temperature increase at the surface of
the phantom during continuous wave irradiation. Measuring the surface of the phantom,
the maximum temperatures achieved were 52 °C, (5 minutes), 60 °C (10 minutes), and
65 °C (15 minutes). Similar temperature measurements were made in the phantom when
irradiated with a pulsed laser. There was no measurable increase in temperature over 10
pulses. However, the temporal frame rate of the IR camera is much slower than the 5 ns
pulse width of the laser, so it is likely that any temperature increase was quickly dissipated

and not detectable by the camera.

One group achieved “opening of hollow capsules” with a CW laser, however, their
capsules are comprised of a hollow polymer sphere, so this mechanism may be entirely
different than from PFC particles*. Lajoinie et al studied laser activated vaporization of

hexadecane microcapsules, and they concluded that heating induced vaporization®.
4.3 Conclusions

After many experiments, it is concluded that the following parameters have
measurable influence on the optically triggered phase change of PFC droplets: droplet size,
laser fluence, type of PFC (boiling point), amount and type of photoabsorber (optical
absorption), elasticity of the medium, pressure of the medium, external temperature, US
pressure field, and length of the laser pulse. Additional parameters which may affect
triggered vaporization, but were not measured by us directly, are the droplet shell material,

and the concentration of droplets. Controlling the properties of the nanodroplets will have
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a profound effect on their stability and sensitivity, yielding a robust imaging contrast agent

that is optimized for imaging at great depth. Additionally, by understanding how the

droplets react to irradiation in their environment, information about the perfused tissue can

be obtained for noninvasive diagnosis.
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Chapter 5: Blinking Phase-Change Nanocapsules (BLInCs) Enable Background-

Free Ultrasound Imaging

Despite the high echogenicity of microbubbles, or even the triggerable contrast of
liquid PFC nandroplets, local image contrast is still limited by the vast number of sub-
wavelength acoustic scatterers that exist in most tissues. To combat this issue, several
functional agents and nonlinear imaging techniques have been implemented. Harmonic and
pulse inversion imaging utilize the nonlinear oscillatory behavior of microbubbles in
response to US irradiation, which can be used to distinguish them from the background
tissuel2. However, a high concentration of bubbles is needed and contrast is limited due to
the nonlinear response from tissue®4. Thus an imaging strategy to further improve the
contrast from injected nanoparticles is desirable. Any strategy to image injected particles
and suppress background requires detecting a property of the particles that is not detected
from the background. This is where traditional B-mode US imaging fails, because many
tissue scatterers reflect sound similarly to injected bubbles. To improve image contrast, an
optically activated particle has been developed, termed blinking nanocapsule (BLInC),
along with an image processing algorithm, to conduct background free imaging of the

nanoparticles.
5.1 BLInking nanoCapsules

The design of BLINCs is rooted in the high boiling point of perfluorohexane (56 °C)
compared to body temperature, rendering them capable of repeated
vaporization/condensation cycles, a phenomenon first reported by Asami et al°. Due to the
acoustic impedance difference between liquid and gas, the US echogenicity of BLInCs can
change temporarily, and we have developed an algorithm for a background-free image of

the particles using only a laser and a US imaging system. The BLInCs, depicted in
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Fig. 5.1a, consist of a liquid perfluorohexane (PFH) core, resulting in a stable liquid
nanodroplet at physiological temperatures. The BLInCs are bound by a Zonyl FSO polymer
shell, which lowers the surface tension, vyielding particles smaller in size than
microbubbles® and preventing their coalescence. The BLINCs are further stabilized by the
Laplace pressure between the PFH core and the surrounding water due to their small size’.
The BLINnCs encapsulate an Epolight™ 3072 near infrared absorbing dye (Fig 5.1b),

enabling specific optical activation at the peak absorption wavelength of the dye.

a NIR-absorbing  Blank PFC Dye-loaded b
Fluorosurfactant shell  dye droplets  PFC droplets

Liquid Near-infrared
perfluorocarbon  absorbing dye
core

Figure 5.1:  (a) Depiction of the nanodroplets, consisting of a perfluorohexane core
surrounded by a Zonyl FSO fluorosurfactant polymer shell and
encapsulating an optically absorbing dye. (b) Photographs of the dye (left),
the blank perfluorocarbon nanodroplets (middle), and the dye-encapsulated
nanodroplets (right).

5.2 Response of BLINCs to Laser Pulses

When the BLINCs are imaged, their unique dynamics can be used to differentiate
them from background tissue (Fig. 5.2a). In response to pulsed laser irradiation, the
encapsulated optical absorber catalyzes a rapid (< 1-2 ps) droplet-to-bubble phase change,
a phenomenon reported similarly for particles made of other perfluorocarbons®2°. The

resulting transient gaseous microbubbles, which persist for several milliseconds,
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temporarily enhance the local US contrast before recondensing to their stable nanodroplet
form at physiological temperatures (Fig. 5.2a). This entire “blinking” process can be
measured using any clinical US imaging system capable of high frame rate imaging
(> 400 frames/s) (Fig. 5.2b). The vaporized bubbles and recondensed liquid droplets can
also be observed using light microscopy (Fig. 5.2c). When combined with their nano size,
the highly dynamic and controllable behavior of the BLINCs enables a wide array of high

contrast and molecular US imaging applications.
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Figure 5.2: (@) US echogenicity as a function of time over 14 laser pulses (top), as a
result of repeated activation of the particles, depicted below. (b) Ultrasound
images of the nanodroplets in a tissue-mimicking phantom before (left),
during (middle), and after (right) laser-induced vaporization. Scale
bar = 1 mm. (c) Phase microscopy images of the nanodroplets before (left),
immediately after laser irradiation (middle), and after cooling below boiling
temperature (right). Scale bar = 20 pm.

5.3 Synthesis of BLINCs

First, 1 mg of Epolight™ 3072 dye (Epolin, Inc.) was added to 300 pL of
perfluorohexane (FluoroMed, L.P.) and dissolved by sonication at 180 W for 30 s in a
VWR benchtop ultrasonic cleaner. Then 1 mL of 1% v/v aqueous Zonyl FSO

fluorosurfactant polymer (Sigma) and 1.7 mL of DI water were added to the PFH. The
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mixture was emulsified by vortexing for 10s and sonicated for 2 minutes at 180 W in a
VWR benchtop ultrasonic cleaner. The nanodroplets were washed of excess dye and
polymer by centrifuging at 1000 rcf for 5 minutes and replacing the supernatant with
deionized water. The BLINCs were characterized for optical extinction using UV-Vis
spectrometry and for size by dynamic light scattering (Fig. 5.3). Droplet vaporization and
recondensation was confirmed using US imaging (Fig. 5.2b) and phase microscopy

(Fig. 5.2c).
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Figure 5.3:  (a) Normalized extinction spectra of the near infrared absorbing dye in
chloroform, blank perfluorohexane BLINCs, and dye-loaded nanodroplets.
(b) Size distribution of the BLINCs.

5.4 Phantom Imaging and Image Processing

To determine if the BLINCs are detectable by a US imaging system among other
acoustic scatterers and optical absorbers, the behavior of the particles was observed relative
to background in a tissue-mimicking phantom. This would determine if the BLInCs, and
not the background, change US intensity in response to pulsed laser irradiation, verifying
the specificity of the imaging technique. It would also show if an optically absorbing
background induces changes in US echogenicity in response to irradiation in the absence

of BLInCs.
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A polyacrylamide phantom was created by mixing 64 mL deionized water, 21 mL
of 40% acrylamide (Ambion), 850 pL 10% w/v ammonium persulfate (Sigma-Aldrich),
and 106 pL of tetramethylethylenedimine (Sigma). Before crosslinking, 0.2% w/v silica
particles and 0.01% w/v graphite were added to the phantom solution to scatter US and
attenuate light similarly to biological tissue!!. A 1 mm diameter cylindrical inclusion was
embedded in the phantom, identical to the background except for an inclusion of 100x
diluted BLINCs, and not containing graphite. The final concentration of nanodroplets in the

inclusion was approximately 10% particles/mL.

The phantom was imaged using a Vevo 2100 US imaging system, using a 40 MHz
array transducer. The phantom was uniformly irradiated by a pulsed laser with light with a
wavelength of 1064 nm, while B-mode image data was collected from a cross-section of
the cylindrical inclusion at 670 frames per second (Fig. 5.4a). This resulted in a US image
of the background with the inclusion cross-section (Fig. 5.4). The fluence of the laser was

approximately 40 mJ cm. Raw data was collected and further processed using MATLAB.

The traditional B-mode US scans did not reveal distinct differences between the
inclusion and the background when viewed in real-time (Fig. 5.4c). A map of the BLInCs
was formed by the steps described below, and the map was overlaid on a B-mode US image
(Fig. 5.4d). It should be noted that despite optical absorbers and US scattering particles
present throughout the volume of the phantom, only the inclusion of perfluorocarbon

nanodroplets was identified, demonstrating the specificity of the imaging technique.

To identify the location of the BLINnCs, each pixel was evaluated over many frames
of a B-mode US movie captured at a frame rate 670 Hz. The US intensities over time of a
pixel in the inclusion of BLINCs and a pixel in the background show the difference in

behavior between the droplets and the background (Fig. 5.4e). The vaporization events
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were highlighted by differentiating the US intensity over time. Positive spikes in
differential intensity denote increases in US signal from the droplet-to-bubble conversion,
and negative spikes correspond to decreases in US signal from recondensation of the
bubbles back into droplets (Fig. 5.4f). Pixels not containing BLINCs, even though equally
irradiated by the laser, did not exhibit this behavior. Next, a temporal autocorrelation of
the differential US intensity over time was calculated for each pixel (Fig. 5.4g). To form a
map of the particles, the ratio of the 2" highest peak (delay = 0.2s) to the highest peak
(delay = 0s) in the autocorrelation was calculated for each pixel based on the appropriate
delay. The value of this ratio was then converted to image intensity and overlaid onto a B-
mode image (Fig. 5.4d). The delay to be used to calculate the ratio for BLInC signal is
based on the US frame rate, the laser pulse repetition frequency, and the length of imaging
time. This algorithm would be adjusted if any of these parameters changes, and it could be

customized for a given system.
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(a) Diagram of a tissue-mimicking phantom with inclusion of BLINCs,
imaged with a clinical array transducer while irradiated with a pulsed laser.
(b) Depiction of a US image of the phantom, indicating areas of BLInC
inclusion and background. (c¢) B-mode US image of the phantom during
laser irradiation. (d) Map of BLInCs signal overlaid onto a B-mode image
of the phantom, indicating the position of the particles. Scale bars = 1 mm.
(e) Linear US intensity of pixels representing a blinking particle (blue) and
background (red) in the phantom over time. (e) Derivative of the US pixel
intensity for a blinking particle (blue) and background (red).
() Autocorrelation of the derivative of the US intensity of an individual
image pixel representing a blinking particle (blue) and background (red) as
a function of delay. Scale bars =1 mm.
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5.5 Imaging of BLINCs in the Lymph Node

In many types of cancer, identifying the first lymph node to which a tumor drains,
the sentinel lymph node (SLN), is critical for accurate staging. A mouse model of
lymphatic drainage was used to demonstrate the high contrast utility of BLINCs in SLN
mapping using US imaging®?. Although US imaging is routinely used for lymph node
imaging, the SLN cannot be identified from anatomy alone. Therefore, an injection of a
contrast agent is needed to identify the SLN, and BLInCs can provide higher contrast than

traditional microbubbles.

All animal studies were performed under protocols approved by the Institutional
Animal Care and Use Committee sat The University of Texas at Austin. A previously
developed mouse model of lymph node drainage was used**'* in which a nude Nu/Nu
mouse (Charles River Laboratories) was injected submucosally into the tongue with the
nanodroplets. Prior to injection, the mouse was anesthetized with a combination of
isoflurane (1.5%) and Oz (2 L min). The nanodroplets were allowed to drain for 30
minutes at which point US imaging was performed on the cervical lymph nodes located in
the mouse’s neck. Clear US gel was used for acoustic coupling between the transducer to
the mouse. Ultrasound images were acquired with a Vevo 2100 (VisualSonics) using a 40-
MHz linear array transducer (MS-550). Light with a wavelength of 1064 nm was generated
by a Vibrant Nd:YAG laser (Opotek) operating at 10 Hz and coupled to a custom fiber
bundle. The optical fluence irradiating the mouse of approximately 40 mJ cm was well
below the safety limit of 1200 mJcm for human skin exposure established by the American
National Standards Institute. Immediately following the imaging, the mouse was

euthanized via an overdose of isoflurane (5%) and cervical dislocation.
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Figure 5.5:  (a) Pulse-echo B-mode US image of a mouse lymph node with injected
BLINCs before laser irradiation. (b) B-mode US image of a mouse lymph
node with injected BLINCs during laser irradiation. (c) B-mode image of
the lymph node with overlay of BLINCs location after processing the
autocorrelation signal. (d) Linear US intensity of pixels representing a
blinking particle (blue) and background (red) in the mouse tissue over time.
(e) Derivative of US pixel intensity for a blinking particle (blue) and
background (red). (f) Autocorrelation of the derivative of the US intensity
of an individual image pixel representing a blinking particle (blue) and
background (red) as a function of delay. Scale bars =1 mm.

While in their native liquid state, the BLINCs do not provide detectable contrast in
the SLN 30 minutes after their submucosal injection into the tongue (Fig. 5.5a). Upon
pulsed laser irradiation, the particles blink, (Fig. 5.5b); however, it is difficult to see even
on a real-time US imaging system, due to the low concentration of bubbles, the highly

scattering background, and the rapid recondensation of the BLInCs into their liquid state.
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However, the phase change behavior of the BLINCs in the lymph node can be distinguished
from background after processing the temporal characteristics of individual image pixels,
providing a background free map of the BLInCs which can be overlaid on a US image to
visualize them in an anatomical reference (Fig. 5.5¢). To obtain the map of the BLINCs,

the same algorithm described in section 5.4 was applied (Fig. 5.5d-f).

Next, the drainage kinetics of the BLInCs in the lymph node were observed. Thirty
minutes following the injection into the mouse tongue, the lymph node was identified using
conventional B-mode US imaging (Fig. 5.6a), and the BLInCs were located using the
autocorrelation algorithm and mapped onto the anatomical US image (Fig. 5.6b). Here the
BLINCs can be seen throughout the volume of the lymph node, indicating rapid drainage
via the lymphatic system, behavior that has been previously observed and reported for
similarly sized particles!*. Sixty minutes after the injection, B-mode imaging shows the
location of a major blood vessel adjacent to the lymph node (Fig. 5.6¢, arrow). Imaging of
the BLINCs indicates that while they have largely drained from the lymph node, a
substantial portion of them are in the vasculature (Fig. 5.6d). The stability of
perfluorohexane droplets in vitro®® and perfluoropentane droplets in vivo® suggest that
BLINCs can circulate through the bloodstream for several hours. Prolonged imaging may
be conducted due to the sensitivity of the imaging procedure and the ability of the BLInCs
to undergo repeatable activation, which would allow sufficient time for their accumulation

into extravascular tissues and/or attachment to molecular targets.
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Figure 5.6: (@) Pulse-echo B-mode US image of a mouse lymph node 30 minutes after
injection of BLINCs. (b) Image of BLINC location in the region at 30
minutes. (¢) B-mode image of the lymph node 60 minutes after BLINCs
injection. (d) Image of BLINCs location at 60 minutes. Scale bars = 1 mm.

5.6 Imaging of BLINCs in the Brain

Imaging of brain vasculature may answer important questions about
neurophysiology, and US imaging may play a role, given the proper contrast agents and
imaging techniques. Here BLInCs were injected into a mouse brain to visualize
microvessels with high contrast. Images of the BLINCs using the autocorrelation-based

algorithm were compared to B-mode and color Doppler US images of a mouse brain after
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a retro-orbital injection of the BLInCs. Conventional B-mode US provides only a gross
anatomical image of the brain (Fig. 5.7a). Color Doppler imaging (Fig. 5.7b) is capable of
measuring the velocity of blood in large vessels. However, this technique is limited to flow
velocities in the direction of sound propagation, and it is not sensitive to slow-moving
blood in the smaller vessels of the brain'’. By identifying the BLINCs, the dense, slow-

moving network of microvasculature in the brain can be detected (Fig. 5.7¢).
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Figure 5.7:  (a) B-mode US image of a mouse brain with injected BLInCs. (b) Color
Doppler image of the brain, indicating flow of large vessels. (c) B-mode
image of brain with overlay of BLInCs location. Scale bar =1 mm.

5.7 Photoacoustic Imaging of BLINCs

To demonstrate the multimodal imaging capabilities of BLInCs, PA imaging was
conducted in the mouse lymph node in vivo. Imaging using PA techniques provides a map
of the optical absorption, which is greater for BLINnCs than for the background tissue

(Fig. 5.8a). Previous reports of optically-triggered PFC nanodroplets demonstrate a
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stronger signal from vaporization of the droplet than from subsequent thermal expansion
of the photoabsorber® 1°. The BLINCs have the unique property of recondensing, allowing

for repeatable vaporization, and thus a sustained PA signal (Fig. 5.8b).
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Figure 5.8:  (a) Photoacoustic image of BLINCs in a mouse lymph node. Scale
bar =1 mm. (b) Average PA signal in the ROI as a function of time.

5.8 Varying Laser Power for BLINCs

To demonstrate the importance of proper laser fluence used to irradiate the BLInCs,
a phantom was made which included BLINnCs and imaged using the same techniques
described previously. Three different laser fluences were used to irradiate the samples
during imaging: 5, 8, and 20 mJ cm. The linear US intensity of an individual pixel from
each sample was measured (Fig. 5.9a). The BLInCs did not undergo a phase change when
irradiated below their vaporization threshold. This makes them difficult to differentiate
from the surrounding tissue, and no BLInCs signal can be calculated (Fig. 5.9b). When the

phantom is irradiated with laser fluence within a certain range, the BLInCs undergo the
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liquid-gas-liquid repeatable phase change (Fig. 5.9c). The images can be processed to
identify the particles and they can be irradiated multiple times. At higher laser fluences, in
this case 20 mJ cm, the BLINnCs are prone to undergoing an irreversible phase change
(Fig. 5.9d), which results in a stable microbubble and cannot be induced repeatedly. While
some particles may still blink, the drastic increase in echogenicity throughout the phantom

disguises the smaller changes, and it is more difficult to obtain a map of the BLInCs.
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Figure 5.9:  (a) Linear US echogenicity of an individual pixel from phantom containing
BLINCs irradiated with 5 mJ cm (black), 8 mJ cm? (blue), and 20 mJ
cm? (red) . (b) Ultrasound image of a phantom before and during irradiation
at5mJ cm?, (c) 8 mJ cm, and (d) 20 mJ cm. Scale bars = 1 mm.
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5.9 Blinking Artifact

There is considerable concern regarding the signal obtained on the surface of the
skin of the mouse (Fig. 5.5c). To determine if the signal was coming from the BLINCs,
three additional mice were imaged using identical methods, except that no BLINCs were

injected. Two were imaged around the lymph node, and a third was imaged in the abdomen.

Figure 5.10: (a) Mouse lymph node imaged with US without injection, showing signal
at the gel-skin interface. (b) Mouse lymph node imaged with US with no
injection and using degassed coupling gel. (c) Mouse abdomen imaged with
US without injection and using degassed US gel. Scale bars = 1 mm.

Because these three mice were imaged without the injection of BLINCs, the signal,
which is obtained by the method described in Section 5.4, cannot originate from the
vaporization and recondensation of BLINCs. However, there are changes in US signal at
the gel-skin interface which correspond in time exactly to the laser pulses, and thus appears
as BLInC signal (Fig. 5.10a). It is hypothesized that small bubbles at the interface between
the US gel and the skin are present. In response to laser pulses, PA waves are emitted from
endogenous chromophores. These acoustic emissions may interact with the surface

bubbles, causing small but noticeable oscillations, resulting in regular spaced changes in

US contrast. Next, another mouse was imaged, and the US gel was centrifuged before
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imaging to remove any air bubbles and decrease the likelihood of interfacial bubbles. In
this experiment, a decrease in signal is observed at the skin-gel interface (Fig. 5.10b).
However, there is still some underlying signal present in the mouse. Lastly, a mouse was
imaged with degassed gel, but imaged it over the abdomen instead of the lymph node. The
signal at the skin-gel interface was decreased as well, though some signal in the skin is
detected (Fig. 5.10c). It is possible that sub-surface bubbles, particularly in regions of high
blood flow, may be interacting with the PA waves and causing cyclical changes in US
signal that appears as signal from blinking nanodroplets. Overall, however, the signal that
appears in mice that were not injected with BLINCs is significantly smaller than the signal

in the lymph node after BLInCs injection (Fig. 5.5c¢).
5.10 Conclusions

The blinking behavior of BLINCs make them a valuable tool for high contrast
biomedical imaging. However, for the BLINCs to undergo repeatable vaporization
effectively, several parameters which dictate droplet vaporization must be optimized®°,
For instance, if the laser fluence is too low, then the droplets will not vaporize. If the fluence
is too high, or the particles are too large, then they will not recondense after vaporization,
and they cannot be triggered multiple times (Fig. 5.9d). In addition, the injectable
nanoconstructs must be made of materials approved for human use before clinical
translation. While the BLINnCs reported here encapsulate an NIR-absorbing dye for
improved optical penetration in tissue at 1064 nm, similar particles have been made using
clinically approved indocyanine green dye®®. Thus it is feasible to synthesize BLInCs out

of entirely approved materials to be used in a clinical setting.

Many particle formulations have been applied for triggered contrast using HIFU as

a vaporization trigger'®!®, and HIFU could potentially be used to induce repeated
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vaporization and recondensation of perfluorocarbon nanodroplets without a laser or optical
absorber. However, due to the high boiling point of perfluorohexane, vaporization with
HIFU would potentially require intensity levels of up to 980 W cm2°, which is at least 500
times the safe recognized level for peripheral tissue?®, and may compromise the safety of
the vaporization technique. The optical trigger provides a safer mechanism for vaporization

of the particles.

The BLInCs introduced here facilitate a new technique for detecting nanoparticles
with a conventional US imaging system. Due to their stability and small size, the droplets
are capable of extended circulation time and extravasation, a key component of imaging
on the molecular scale. The BLINCs are made to activate through a unique, laser-induced
rapid sequence of two phase changes—vaporization and recondensation—which can be
processed into an extremely high contrast map of the particles. This imaging technique is
highly sensitive to diluted particles. Due to their blinking behavior, individual BLInCs can
be located among the vast acoustic scatterers present in tissue. In addition to the
background-free image, the BLINCs provide photoacoustic signal from the vaporization
event, a property that has been previously reported from similar particles® %!, These
experiments demonstrate the ability to locate BLINCs with high specificity and sensitivity
in the optically absorbing and acoustically scattering background of a living mouse.
Furthermore, cell-specific targeting has been achieved with similar perfluorocarbon
microbubbles by conjugating various molecules to the particle shell?>?5, The smaller size
and enhanced circulation time of nanodroplets would make them a feasible candidate for
molecular imaging as well, expanding the performance of this nanoparticle-based US

imaging platform.
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Chapter 6: Conclusions and Future Work
6.1 Motivation

There were several motivating factors behind the efforts of this research, reasons to
pursue answers to fundamental questions or to develop materials and imaging techniques.
First and principally, this research aimed to improve the ability of US and PA imaging
techniques to identify tumors and other targeted diseases at an early stage. Although
ultrasound is a clinically ubiquitous modality, it still has shortcomings that prevent its use
in many applications. If solutions to these issues can be engineered, US imaging can
prevail as an inexpensive, easy, safe imaging technique that becomes the gold standard for

diagnosing many diseases.

Since the advent of photoacoustics and PA imaging, scientists have discovered
numerous ways that light and sound interact, yielding high contrast images and
wavelength-based specificity for specific biological chromophores. Additionally, the
introduction of injectable agents opened the door to many technologies that use chemistry,
mechanics, and electromagnetism to achieve theranostic purposes. By developing these
agents in a laboratory setting and implementing them in biomedical imaging research, we
gain further knowledge of the underlying physics of their operation and how we can exploit

their behavior to bring about impactful clinical results.

As with any research, experiments lead to more questions than answers, and
sometimes these questions lead to discovery outside the scope of the original inquiry. In
addition to the direct study of perfluorocarbon nanodroplets for ultrasound and
photoacoustic imaging, this research contributes to other related scientific endeavors which

may use the technology. Some of these include the development of super resolution
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ultrasound imaging, drug delivery, therapeutic acoustics, image processing techniques, and

bubble physics.
6.2 Scientific Innovation, Contribution, Significance

With the help of past researchers and collaborative work, we made several
contributions to the field of biomedical imaging. To summarize the scientific significance
of this work, we first designed an injectable contrast agent based on properties that are
important to biomedical imaging, including safety, high contrast, sensitivity for imaging
depth, facile synthesis, and cost. We designed and developed the first dual US and PA
contrast agent made entirely of materials approved for clinical use, and demonstrated
strong improvements in image contrast. Next, we furthered the functionality of currently
synthesized US/PA contrast agents by synthesizing a perfluorocarbon particle
encapsulating high aspect ratio gold nanorods, using a specific wavelength selection (based
on others’ previous findings) to optimize the particle’s sensitivity and contrast. We also
created a new blinking nanodroplet, capable of undergoing repeated activation, and we
developed an image processing algorithm for extremely high contrast imaging of the
particles, which other activatable nanodroplets cannot achieve. Lastly, we demonstrated
the ability of these particles to identify key diagnostic features in vivo, including the

sentinel lymph node and brain vasculature in mice.
6.3 Clinical Relevance

As a biomedical engineering laboratory, it is our mission to conduct research that
is relevant for human problems, and it is my hope that this research has clinical applicability
outside of the lab. The ICG-loaded nanodroplets could potentially be translated to the clinic
quickly upon the approval of photoacoustic imaging techniques. Additionally, although

gold nanoparticles face difficulty in clinical approval, the gold nanorod-loaded PFC
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droplets have shown great promise in PA imaging. Gold nanorod-loaded PFC droplets,
when combined with an Nd:YAG laser, would decrease the operational cost and increase
sensitivity and contrast in medical imaging. Lastly, the introduction of BLINCs into a
clinical setting would vastly improve the contrast and specificity of US imaging, which is
arguably the greatest drawback of this imaging modality. By improving US image contrast
and thus making it easy and for ancillary technologies to be used, the clinical impact of US
imaging could extend beyond obstetric sonography and into early detection of a wider array

of diseases.
6.4 Future Directions

Through developing nanoparticles and imaging them with US techniques, several
unexplored directions and specific questions were unearthed. It is hoped that through the
continuation of this work, some of the more relevant pursuits will be investigated by future

researchers in the laboratory.
6.4.1 Mechanism of Optical Droplet VVaporization

The exact mechanism of optically triggered perfluorocarbon droplet vaporization
has yet to be clearly elucidated. Some experiments hinted that the photoabsorber heats the
perfluorocarbon beyond its boiling point>, resulting in boiling of the PFC or of the
surrounding water. Experiments in Section 4.2.7, however, hint that heating of the PFC by
a continuous wave laser does not suffice for droplet vaporization, and instead the
production of a photoacoustic pressure wave by a pulsed laser may be necessary to vaporize
them. Unfortunately, due to lack of control over laser power (energy per unit time), these
experiments did not definitively answer the question. Either through high speed optical
microscopy, or by clever experimental design, the behavior of the nanodroplets in response

to optical irradiation could be determined and is of interest for designing contrast agents
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and an imaging system. Current collaborative work with the Multi-modality Biomedical
Ultrasound Imaging Lab at the University of Pittsburgh is hoping to answer this question
by observing with high speed microscopy and changing the length of the laser pulse. At

the time of this writing, however, it is still uncertain.
6.4.2 Mapping Elasticity and Pressure

Initial experiments have been conducted which show that the behavior of vaporized
droplets depends largely on the elasticity and the local pressure of the environment in
which they are activated, which varies between healthy and diseased tissues (Sections 4.2.2
and 4.2.3). The goal of this project was to devise a system of measuring the elasticity and
pressure of tissue with high resolution to map the confines of tumor growth. However,
practical limitations made this difficult. Namely, while pressure certainly the affected the
vaporization and recondensation kinetics of nanodroplets, the differences in interstitial
pressure between tumor tissue and healthy tissue are small compared to the ranges
measured in this study. Thus detecting these differences may be difficult in vivo, where

blood flow optical attenuation may confound droplet behavior.

Differences in elasticity between healthy and cancerous tissue are large enough to
impact vaporization and recondensation of the droplets. However, in our experiment, the
particles were embedded within the matrix of a polyacrylamide phantom, whereas in vivo
they are circulating through the bloodstream and possibly perfusing through tumor tissue.
Their behavior in a phantom thus might not accurately mimic their behavior in vivo, so
further modifications to the particles and/or experimental design must be made to improve
the tool enough to bring about its intended purpose. Specifically, the behavior of droplets

varies more due to the range of sizes within a sample than it does on the external
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environment. Controlling the droplet size is thus necessary to extract accurate data

regarding elasticity and pressure.
6.4.3 Molecular Targeting

The focus of all biomedical imaging techniques is shifting toward the detection of
processes at a molecular level, because many diseases exhibit this subcellular information
before they emerge on the level of gross anatomy or physiology. Injectable contrast agents,
especially on the nano scale, are a primary candidate for detection of molecular processes.
These agents can be manipulated to bind to specific biomarkers and exhibit high contrast,
thus providing this molecular information. The molecular targeting capabilities of
perfluorocarbon particles were only minimally explored in this work (Section 2.6).
However, based on the size, components, and high contrast capabilities of BLINCs, for
example, a safe, inexpensive, highly specific imaging strategy could be developed with

potential for locating early disease markers far before anatomical indicators emerge.
6.4.4 Repeated Vaporization as a Therapeutic Tool

The BLINCs are an advancement from traditional nanodroplets, largely due to their
ability to activate repeatedly*. Other perfluorocarbon droplets undergo vaporization only
one time. The repeatable vaporization has potential as a therapeutic tool. Traditionally
microbubbles have been combined with focused ultrasound to induce cavitation and micro
streaming, inducing clot lysis®, ablation®, sonoporation’, and lithotripsy®. However, using
repeated optical triggering of vaporization, the mechanical and thermal effects of HIFU
could be avoided, and localize the therapeutic effects of the agent. This could have

applications in the above mentioned therapies, as well as drug delivery.
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6.4.5 Drug Delivery Using Nanodroplets

The use of PFC nanodroplets in drug delivery are currently being explored by
encapsulating drugs in the core or shell and inducing their release through triggered
vaporization®*!. Additionally, enhanced uptake can be achieved by using microbubbles in
the presence of HIFU*2, Perfluorohexane droplets, which vaporize repeatedly in response
to many laser pulses, may be used to achieve the same effect without the potentially

harmful bioeffects of HIFU.
6.4.6 Oxygen Delivery Using Nanodroplets

Another therapeutic capability of perfluorocarbon is oxygen delivery3* which
can improve the survival of stem cells®®, or render PFC nanoparticles oxygen-carrying
blood substitutest®. The high solubility of oxygen in perfluorocarbon, as well as their
prolonged circulation time, make PFC nanodroplets a candidate for these therapeutic tools.
It is also possible that the delivery of oxygen from a stored state in PFC particles to cellular
recipients may be induced through triggered vaporization at strategic time pointst’. The
imaging capabilities of these particles may allow for visualization of the oxygen delivery

to regions of interest.
6.4.7 Magneto-Motive Droplet Vaporization

A new area of research with perfluorocarbon droplets involves yet another
mechanism of vaporization separate from HIFU and optical based vaporization.
Previously, “magneto-motive” ultrasound imaging has been conducted, where an external
high-strength pulsed magnetic field is applied to induce motion within magnetically-
labeled tissue, and ultrasound is used to detect the induced internal tissue motion®®. It is

possible that by encapsulating these magnetic particles inside perfluorocarbon droplets,

120



magneto-motive droplet vaporization could be achieved. The benefit is that magnetic
activation could be achieved at greater depths than from optical activation, which limited
by optical attenuation from tissue. Also, due to the absence of photothermal heating using
this technique, it is possible to demonstrate vaporization without boiling the

perfluorocarbon.
6.4.8 Optimizing Encapsulation of Gold Nanoparticles

In addition to these new paths of experimental work, the nanodroplets themselves
may still be improved in several ways. First, the encapsulation of ICG or gold nanoparticles
into the droplets is a chemically inefficient process, resulting in loss of ICG or gold
particles and aggregation of gold particles due to the addition of chemicals mentioned in
Sections 2.3.1 and 2.3.2. By exploring additional solvents and adjusting the chemical
reactions of this process, the synthesis of PAnDs could be a lossless process and potentially
result in a very narrow absorption band, making them very sensitive to light at a specific
wavelength, and insensitive to other wavelengths. By doing this, one could construct a
cocktail of nanodroplets with several activation wavelengths. Following a single injection,
one can activate a subset of the particles using one wavelength (to identify their location,

for instance) and activate another subset some time later (for oxygen or drug delivery).
6.4.9 New Optically Absorbing Dyes for Nanodroplets

At the time of this work, only three dyes have been reported to be incorporated into
PFC nanodroplets. Indocyanine green requires a chemical modification, Epolight™ 3072
contains nickel, and Acridine Orange, used by the Multi-modality Biomedical Ultrasound
Imaging Lab at the University of Pittsburgh, absorbs light at the same wavelength as blood.

The chemical engineering of new dyes that could easily be incorporated into
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perfluorocarbon is highly desired. These new dyes could be designed to absorb at specific

wavelengths, have high optical absorption, and be soluble in perfluorocarbon.
6.4.10 Mixing Perfluorocarbons

Nanodroplets can be synthesized from several different perfluorocarbons, and this
project focuses on just three. However, several more exist with higher and lower boiling
points that could be used to make extremely sensitive particles for deep activation or highly
stable particles for long-term circulation, or passive or active targeting. Additionally and
interestingly, perfluorocarbons can be mixed before synthesizing droplets. This has been
done previously for acoustic droplet vaporization®, and it could be applied to optical
vaporization as well. Incipient work on this topic is being explored currently but is not

included in this report.
6.4.11 Narrowing the Size Distribution of Nanodroplets

Lastly, the size distribution of the particles is currently wide, from 100 nm to over
2 um. This wide range of sizes results in different behavior of the droplets within a sample,
most notably their stability and vaporization threshold. This is not optimal as an
engineering design or for obtaining accurate experimental results. If a uniform droplet size
can be achieved within a sample, then an exact vaporization threshold could be measured,
and the droplet behavior in response to other factors (environmental stiffness,
photoabsorber loading, imaging depth, etc.) could be measured more accurately.
Additionally, biodistribution could be determined more easily from a monodisperse
sample. Current research using microfluidics and condensation techniques hope to narrow

the size range within a sample of droplets.
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