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Abstract:
Phase-change contrast agents (PCCAs) are an innovative form of imaging agent with
practical applications in both the research and clinical settings. PCCAs are derived from gaseous
microbubbles, which are able to act as targeted-contrast agents through conjugation of a ligand
that is selective for an overexpressed receptor or biomarker in a given disease. Gaseous
microbubbles can be condensed to liquid phase nanodroplets, which should be sufficiently small
to extravasate into cells and/or tissues given their size and stability. Once liquid nanodroplets
have internalized within a given tissue, they can be “activated” back into gaseous microbubbles
with ultrasound at clinically used frequencies and energy outputs. This is purposeful as
microbubbles provide much greater ultrasound reflectivity than nanodroplets. In this study,
PCCAs and/or microbubbles act as a targeting agent in multiple scenarios. The projects in this
study include- examination of binding and internalization of targeted PCCAs with different
gaseous cores within MDA-MB-231 breast cancer cells, vaporization of liquid phase
nanodroplets through application of acoustic energy via focused ultrasound (FUS), and targeting
vulnerable plaque in the heart with different types of targeted microbubbles under varying shearstresses.
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Chapter 1: Introduction:
1.1- Lipid Microbubbles:
Lipid-coated microbubbles with a perfluorocarbon gas core are an inexpensive, useful
imaging agent that can be used for both diagnostic and therapeutic applications. The
microbubbles are stabilized by a number of coating material such as phospholipids, surfactants,
denatured human serum albumin or synthetic polymers1. The perfluorocarbon gas within the
microbubble gives the structure a low density which can be useful. This low density provides a
decrease in particle deposition in the body’s airways and improves drug delivery to specific
regions1. Microbubbles can also be used to target a specific disease. This can be achieved by
adding a ligand to the microbubble formulation that is selective for an upregulated receptor or
cell surface determinant that may be present in the disease. Given these properties, microbubbles
have become established as useful diagnostic ultrasound contrast agents in the clinical arena. The
gaseous core of the microbubble acts as an effective medium for sound waves2 as it will provide
an impedance mismatch. This impedance mismatch is provided by the fact that sound travels
more slowly through gas than it does through liquids. The speed of sound will differ when
traveling through microbubbles versus the tissue and blood surrounding the microbubble. This
will create an acoustic impedance mismatch1. Given this, microbubbles are effective reflectors of
ultrasound waves, hence their use as imaging contrast agents with ultrasound imaging. Low
intensity ultrasound pulses can be used to image and track microbubble location. Higher intensity
pulses can cause microbubble oscillation (stable cavitation) or microbubble breakup or (inertial
cavitation). These properties regarding microbubbles give insight towards their usefulness in
ultrasound-based applications and suggest their use as agents for imaging and/or drug delivery
systems. However, microbubbles may be inhibited from being used as tissue imaging agents due
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to their size (typically 1-5 um)2. The size of a microbubble must be small enough to travel freely
through capillary beds, but their size range restricts them from extravasating through vessels into
tissue, hence their description as vascular contrast agents. Microbubbles are presented with a
problem when targeting regions inside of cells, tissues, and tumors. Additionally, microbubble
circulation in vivo is shown to be on the order of several minutes before gas exchange occurs in
the lungs which causes respiration of the perfluorocarbon gas.
1.2- Overview of Phase Change Contrast-Agents:
Phase-change contrast agents (PCCAs) have been developed to assert the usefulness of
the microbubble, but may also be able to avoid the size problems that come with microbubbles as
well as provide an increased stability. Recent work has expanded the range of PCCA
formulations by deriving more volatile forms from microbubbles. By exposing pre-formed
perfluorocarbon microbubbles to decreased ambient temperature and increased ambient pressure,
a condensation of the perfluorocarbon core occurs and the microbubble changes phase in to a
liquid nanodroplet (100-750 nm)3. The condensation of this gas will result in an increased
Laplace pressure. The increased Laplace pressure allows the nanodroplets to remain in the liquid
state when exposed to the original ambient temperature and pressure until vaporization is
induced thermally or by acoustic energy3. The equation for Laplace pressure is represented by
∆𝑃 = 𝑃𝑖𝑛𝑠𝑖𝑑𝑒 − 𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒 =

2𝜎
𝑟

(𝜎 = 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑛𝑠𝑖𝑜𝑛, 𝑟 = 𝑟𝑎𝑑𝑖𝑢𝑠). For small nanodroplets

which are stabilized by elastic copolymer shells, the Laplace pressure (i.e. the pressure difference
between the inside and the outside of the droplet) may significantly increase the effective boiling
temperature relative to the bulk solvent in the core4. This is caused by the surface tension at the
interface between the droplet and bulk liquid. Applying excessive pressure inside a nanodroplet
results in an increased boiling point. Laplace pressure is directly proportional to surface tension
7

and inversely proportional to droplet radius such that smaller droplets would have higher boiling
points than larger droplets with the same liquid core4. Nanodroplets have a longer half-life than
microbubbles due to the fact that perfluorocarbon gases in water have a low solubility and
diffusibility which gives them a longer lifetime than air bubbles5. Nanodroplets capable of
ultrasound activation and targeted delivery can be generated by first preparing microbubbles with
specific targeting ligands and then condensing the gaseous core to the liquid-phase
nanodroplets6.

Figure 1: Condensation of microbubbles (left) into nanodroplets (right).
Figure 1 shows the transition from microbubbles that appear to be a creamy solution to
nanodroplets which appear clearer as these are liquid-phase agents that are roughly 5-6 times
smaller than the original microbubbles. The liquid nanodroplets, given their small size, do not
diffract as much light compared to microbubbles which provides their clearer appearance.
Microbubbles will cause much more light diffraction and their white appearance is provided by
their ability to reflect both light and heat.
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1.3- Advantages of Phase-Change Contrast Agents:
A primary benefit of microbubble condensation is that it allows for simple modification
of liquid nanodroplets properties (size, composition) by altering the precursor microbubble
formulation. Several approaches to drug delivery and/or molecular imaging in other modalities
have utilized the enhanced permeability and retention (EPR) effect of “leaky” solid tumor
vasculature7. Utilization of the EPR effect results in gradual accumulation of particles on the
order of several hundred nanometers in to the extravascular space by passive diffusion7. The
nanodroplets are in the hundred nanometer regime and thus may be small enough to extravasate
into tissues. Nanodroplets provide greater stability than microbubbles while still being
responsive to ultrasound pressures. These reasons define why nanodroplets may potentially be an
efficacious particle for extravasation into tissue and ultrasound-mediated activation at the
targeted region of interest2.
Rationale for making Activatable PCCAs: The size of PCCAs may allow for extravasation
into tissues, but it also presents a problem. Their small size and small scattering cross-section
results in poor scattering of ultrasound energy providing little to no imaging contrast. The lack of
contrast is due to the fact that the liquid-phase nanodroplets provide a liquid-liquid interface
which results in a low impedance mismatch when the nanodroplets are dispersed in a bulk liquid.
This problem is overcome by ultrasound-mediated activation or vaporization (often called
acoustic droplet vaporization (ADV)) of PCCAs. This conversion from liquid-phase
nanodroplets to gaseous microbubbles provide a gas-liquid interface which gives a much larger
impedance mismatch providing more contrast for imaging. The increase in size with
microbubbles provides another benefit since these particles are in the Rayleigh scattering regime
which gives an r6 dependence. By increasing the diameter 5-6X when vaporizing nanodroplets to
9

microbubbles there is much more ultrasound reflectivity. Once a sufficient number of liquid
nanodroplets have accumulated at the targeted site of interest, an activation pulse may be
delivered via ultrasound to vaporize the agents in the desired location. This vaporization turns
the liquid nanodroplets back into gaseous microbubbles and this has been done using clinically
approved ultrasound levels. The use of particles that are able to change phase from “inactive” to
“active” states are somewhat analogous to prodrugs. Prodrugs are medications that are shifted
from inactive to their active state, which is a pharmacologically active drug, after they are
metabolized. While this technology is not, per se, a prodrug, the “active” ultrasound component
is the bubble and not the nanodroplet.
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Chapter 2: Targeting Breast Cancer


Objective- Deliver folate-targeted PCCAs intracellularly to breast cancer cells and
acoustically activate the PCCAs in to microbubbles once internalized. This project
explores different gaseous microbubbles as well as different experimental parameters.

2.1- Breast Cancer:
At the beginning of 2014, approximately 15 million Americans had some sort of history
with cancer8. Breast cancer is the second most common type of cancer for women in the United
States, ranking only behind skin cancer, and is also the second most common cause of death.
Breast cancer is also the leading cause of premature mortality from cancer in women as
measured by total years of life lost9. In 2015 alone, the American Cancer Society (ACS)
estimates over 231,000 new cases of invasive breast cancer in the United States which will result
in over 40,000 deaths9. Given these horrifying statistics, it is evident that advancements in breast
cancer diagnosis and treatment is pertinent.
Breast cancer is primarily treated with surgery, radiation, and/or chemotherapy. Surgical
treatment of breast cancer involves either breast conserving mastectomy (BCS) or mastectomy.
Surgical mastectomies, although necessary to save a woman’s life, can be traumatic both
physically and psychologically. Radiation treatment alternatively can be used to treat residual
localized cancer. This treatment is frequently given following breast-conserving surgery to
hopefully lower the chances of recurrence. Chemotherapy involves drugs taken intravenously or
orally, and it is done before or after breast surgery, depending on the patient’s circumstance.
Increased risk factors for breast cancer come from age as well as the presence of a BRCA1 or
BRCA2 gene mutation. Statistically, about 12% of women will develop breast cancer sometime
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in their lives10. Although this percentage may seem high, 55-65% of women who inherit a
BRCA1 mutation and roughly 45% of women who inherit a BRCA2 mutation will develop
breast cancer at some in their lives11.
Mortality from breast cancer has declined in recent years due to advances in medicines
and screening methods. Early detection has been shown to improve outcomes, so it is vital that
correct diagnosing methods are used. However, although there has been evidence that screening
with mammography reduces breast cancer mortality, there are a number of potential harms.
These harms include false-positive results which may lead to unnecessary biopsies along with
the distress a patient goes through by believing that they have breast cancer when they really do
not12. Hence, breast cancer screenings have led to misdiagnosis of cancers that may result in both
false positive and false negative results. The balance of benefits and risks that come with
mammography have been shown to vary based upon patient characteristics along with the age of
the patient14. Given this, subjects have occasionally been given multiple screenings using
different imaging modalities, to avoid false-positive results. Although magnetic resonance
imaging (MRI) has been shown to be a highly sensitive test, ultrasound is typically used
alongside mammography. Mammography has a sensitivity between 45% and 90% (depending on
a number of factors like age and breast density), while ultrasound alone has a sensitivity between
80-90%13. The sensitivity of ultrasound has been shown to be less affected by age than
mammography, with the capability of detecting cancers that mammography does not13. With
this, specificity must also be considered. In another study which looked at the use of ultrasound
for screening of breast cancer, it was found that although ultrasound offers a higher sensitivity
than mammography, it offers a lower specificity as the specificity of mammography was shown
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to be 94% while ultrasound’s specificity was 89%14. Given this, ultrasound is still being
researched and tested to prove if it can act as an effective screening device for breast cancer.
2.2- Targeting Breast Cancer with PCCAs:
Breast cancer has proven to be a multifaceted disease with different subtypes and stages.
This has led to developments of strategies and new molecules to treat breast cancer more
effectively, while also trying to be the most cost-effective15. As discussed, ultrasound has
emerged not only for its use in screening for breast cancer, but also for its use in molecular
imaging and drug delivery. Ultrasound imaging produces anatomic images created by reflection
and scattering of acoustic waves16. This type of imaging is based on differences in acoustic
impedance between tissues. These differences are dependent on tissue density and the speed of
sound between them16. The water content is similar in most biological tissues providing a similar
acoustic impedance, which limits contrast16. As previously stated, microbubbles are able to
increase the mismatch in acoustic impedance compared to tissues by providing a gas-liquid
interface and this helps in detection and characterization of lesions. Using microbubbles to detect
lesions is a minimally invasive technique as they are injected intravenously and are also very
cost effective. As mentioned previously, microbubbles can be condensed to liquid phase
nanodroplets which are able to extravasate into tissue. Given these microbubble properties, their
usefulness with ultrasound, as well as their ability to condense into PCCAs provides reason as to
why PCCAs can be used to target and detect breast cancer.
In this project, PCCAs were decorated with folate ligands in order to target the folate
receptor which has been shown to be overexpressed in ovarian, colorectal, and breast cancers17.
Of the many breast carcinoma lines, MDA-MB-231 breast cancer cells have shown an
abundance of folate-receptor mediated endocytosis18 and thus were chosen for this experiment.
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Given that liquid nanoscale agents do not provide as sufficient ultrasound contrast as their
previous gaseous state, PCCAs were vaporized with acoustic energy and underwent phase
change back into gaseous microbubbles after reaching the inside of the MDA-MB-231 cells. The
cells and PCCAs were imaged with confocal microscopy both before and after application of
ultrasound.
2.3- Confocal Microscopy:
Living MDA-MB-231 cells were analyzed with a Leica confocal microscope. Confocal
microscopy provides the ability to image live cells with high spatial resolution. In these
experiments, the 63X oil immersion objective was used which has a lateral (XY) resolution of
320 nanometers and axial (Z) resolution of 772 nanometers. The 50mW argon laser (488 nm and
458, 477, 514 nm) and the 1mW helium neon (543 nm) were used in all experiments. In confocal
microscopy (Figure 2), the lasers were used to provide the excitation light and this laser light
(green) is reflected off of a dichroic mirror19. Following this, the laser light hits two scanning
mirrors which are mounted on motors and these scanning mirrors scan the laser across the
culture dish. Dyes in the cells and PCCAs fluoresce and the emitted light (blue) travels through
the same pathway, passes through the dichroic mirror, and the light is then focused onto the
pinhole19. This focused light is then measured by a detector19. With confocal, imaging should be
performed as quickly as possible, using the minimal amount of laser power that enables imaging.
This is because confocal microscopy has high irradiance, which causes photobleaching of the
sample over time20.
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Figure 2: Schematic of confocal microscopy (described above).
Methods
The methodology for making PCCAs begins with the formulation of the targeted
microbubbles that can contain different gaseous cores, followed by condensation of the
microbubbles to liquid nanodroplets. The lipid coat was prepared using
dipalmitoylphosphatidylchoine (DPPC) and dipalmitoylphosphatidic acid (DPPA). 1,2distearoyl-sn-glycero-3-phosphoehtanolamine-N-((polyethylene glycol-2000)folate) (ammonium
salt), which is a folate-lipid conjugate (Avanti Polar Lipids Inc, Alabaster, Alabama), was added
at a concentration of 2 mol % to the lipid emulsion. The lipids and ligand were dispersed in a vial
with phosphate-buffered saline (PBS), propylene glycol and glycerol at a ratio of 16:3:1 for a
total lipid concentration of 1 mg/mL. The lipid membrane of the PCCAs were fluorescently
stained with 1,1'-dioctadecyl-3,3,3'3'-tetramethylindocarbocyanine perchlorate (DiI, 1ml/L,
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Invitrogen Molecular Probes, Eugene, Oregon). DiI has an excitation of 549 nm and emission of
565 nm. In these experiments, four different gases and gas mixtures were purged into the
headspace of the vial. The gases tested were- 50:50 decafluorobutane (DFB): octafluoropropane
(OFP), DFB alone, 50:50 DFB: dodecafluoropentane (DDFP), and DDFP alone. OFP has a
boiling point of -37°C, DFB - -1°C and DDFP - 29°C. The solutions were agitated for 45
seconds in a modified dental amalgamator (VIALMIX), which agitates the solution at a rate of
4,000 RPM, and this was able to form microbubbles composed of a gaseous perfluorocarbon
core encapsulated by a lipid shell to which folate was bound. Following formulation of the
different targeted microbubbles the perfluorocarbon gas core was condensed forming liquid
phase nanodroplets. This was done by initially cooling the microbubbles in a salt/ice bath (-7°C
to -10°C) and then applying air pressure (80-95 psi) to the vial of microbubbles, which causes
condensation and phase change from gaseous microbubbles to liquid nanodroplets. The
nanodroplets were then kept in the salt/ice bath for 15 minutes to promote nanodroplet formation
and stability. In addition to formulation of these folate receptor-targeted PCCAs, untargeted
PCCAs were formulated with the same method, but without the addition of folate. The
untargeted PCCAs underwent the same methods for preparation and experimentation. These
untargeted PCCAs served as the control for the experiment.
One to two days prior to PCCA formulation, poly d-lysine coated dishes were seeded
with MDA-MB-231 cells along with 5 mL RPMI-1640 with 10% fetal bovine serum and 1%
antibiotics (100 ug/mL penicillin-streptomycin). Following PCCA formulation, the cell culture
dish was washed with PBS for approximately 30 seconds. The PBS was aspirated and then 5 mL
of RPMI without folic acid was added to the cell culture dish. The lack of folic acid in the media
may be important as it may act as a competitive inhibitor towards the folate-targeted PCCAs.
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Next, 5 µL of calcein AM (1mg, Life Technologies Molecular Probes, Eugene, Oregon) was
added to the solution. Calcein AM is widely used to determine cell viability. Calcein AM in
living cells is hydrolyzed by intracellular esterases into the green fluorescent anion calcein and
this stain will only be retained in the cytoplasm of living cells21. Calcein AM has an excitation of
495 nm and emission of 516 nm. Next, 100 µL of the targeted PCCAs were dispensed onto the
cell culture dish. The PCCAs were incubated with the cells at 37°C for one hour, giving time for
PCCA binding and internalization. In later tests, PCCAs were incubated with the cells for only
ten minutes. This helped determine the actual amount of time that it takes for PCCAs to
internalize within cells.
Following incubation, the media was aspirated and the cells were washed three times
with PBS in order to remove any unbound cells and unbound PCCAs. The cells were then fully
prepared for confocal imaging with the Leica SP5 confocal microscope (AZCC Cancer Imaging
Shared Resources). The environmental chamber that surrounds the confocal microscope
maintained a temperature of 37°C to preserve the life of the cells for the duration of the imaging
experiments. Z-stack images were collected with a 63x oil-immersion objective. The Z-stack
images were taken from 10-11 planes, each of which was approximately one micron in size. The
purpose of this was to image as much of the cytoplasmic space as possible. Cells were then
imaged before applying ultrasound to assess any spontaneous, thermally-induced vaporization of
nanodroplets. Pre-ultrasound imaging was done three times and on different locations of the
culture dish. To achieve acoustic activation of the PCCAs, the transducer of a Zonare portable
ultrasound machine (MI= 1.0, US frequency= 9.0 MHz, pulse repetition frequency= 13.0 Hz,
depth= 3.0 cm) was scanned across the dish to insonate the cells. The ultrasound transducer was
immersed in the culture media and was initially scanned across the culture dish four times, in
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two directions, and for approximately four seconds. This process was followed by postultrasound imaging. Similar to the pre-ultrasound imaging, post-ultrasound imaging was carried
out 3 times and on different locations of the culture dish. After determining the two most optimal
types of PCCAs, procedures changed slightly. Instead of scanning the ultrasound transducer
across the culture dish four times, we increased to scanning 12 times to observe any possible
changes post-ultrasound from added pulsing. Following microscopy, images were analyzed using
the LAS AF software (Leica Microsystems, Buffalo Grove, IL) to asses PCCA internalization
and acoustic activation.
Image processing was performed with the LAS AF software that accompanies the Leica
SP5 confocal microscope. As stated, for each culture dish tested (N=23), images were collected
from three random sections pre-ultrasound and three random sections post-ultrasound. In order to
verify the presence of an intracellular microbubble it was necessary to see a circular DiI signal
(red, greater than 600 nm) that co-localized with a bubble in the transmitted light channel and/or
a void in the green channel (calcein). In order to say that a microbubble was bound
intracellularly and not extracellularly the microbubble had to be entirely inside of the cell, and
not bound on the cell border or surface, in all three channels.
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Figure 3: Flowchart of the methods for the breast cancer project. Red represents variable
portions of the experiment.
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Results

A

B

C

Figure 4: Post-ultrasound image shows intracellular activated microbubbles at a variety of
sizes.
In Figure 4, channel A is the calcein channel which was the dye used to stain the cells.
Channel B is the DiI channel which was used to stain the lipid membranes of the microbubbles.
Channel C is the transmitted light channel that is capable of showing the body and lipid
monolayer of the microbubbles.
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Figure 5: Z-stacking imaging of
microbubbles within a cell when
passing through multiple planes.
Each plane in this image had a
width of 1 um.

In Figure 5, channel A is the calcein channel, channel B is the DiI channel and channel C
is the transmitted light channel. Figure 5 shows the purpose of performing Z-stack imaging.
When passing through different planes, only 1 um apart, it is clear that the presence of
microbubbles comes and goes. Z-stack imaging allowed us to see as many microbubbles within
each individual cell as possible.
The following tables represent the results and statistics from testing folate-receptor
targeted PCCAs which were formed by condensation of microbubbles made up of different gases
and gas mixtures. It is noted that analysis of the presence of a microbubble was subjective as all
determination of microbubbles was done visually. There was consistent criteria that had to be
met to ensure that determination of microbubble presence was done equally in every scenario
(clear DiI signal that co-registered with a void in the calcein channel and/or the presence of a
21

microbubble body and lipid monolayer in the transmitted light channel). It should be noted that
for each experiment, ultrasound settings remained consistent- frequency 9 MHz, MI= 1.0, pulse
repetition frequency= 13 Hz, depth= 3 cm.

Type of PCCA

OFP : DFB 50:50

DFB

DFB : DDFP

DDFP

50:50
% of cells with
MB Pre-US
% of cells with
MB Post-US
Ratio of

44% ± 6.9%

41% ± 5.2%

37% ± 1.4%

35% ± 1.9%

(169/380 cells)

(116/282 cells)

(113/358 cells)

(58/164 cells)

65% ± 3.6%

66% ± 6.1%

70% ± 1.9%

62% ± 0.7%

(275/420 cells)

(205/311 cells)

(276/393 cells)

(94/152 cells)

1.95

2.43

3.29

2.21

intracellular MB
Post-US/Pre-US
Table 1: Summary of the results from the initial experiments ± SEM (standard error of mean) (4
scans with Zonare transducer, 1 hour incubation) when determining the “optimal” PCCA to test
further (N=14). Results determined DFB and DFB:DDFP 50:50 should be tested further.
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Type of PCCA

% of cells with
MB Post-US

MB/cell Pre-

DFB 4 scans

DFB 12 scans

(N=4)

(N=3)

DFB : DDFP

DFB : DDFP

50:50 4 scans

50:50 12 scans

(N=4)

(N=3)

66% ± 6.1%

62% ± 0.6%

70% ± 1.9%

82% ± 0.6%

(205/311 cells)

(148/238 cells)

(276/393 cells)

(152/187 cells)

0.66 ± 0.49

0.72 ± 0.55

0.58 ± 0.40

0.68 ± 0.49

1.61 ± 0.78

1.19 ± 0.66

1.91 ± 0.81

2.35 ± 0.79

2.43

1.65

3.29

3.46

US
MB/cell PostUS
Ratio of
intracellular
MB PostUS/Pre-US
Table 2: Comparison of PCCA vaporization following more scans with the Zonare transducer ±
SEM (N=6 for the PCCAs receiving 12 scans). Note that MB/cell considers the total number
microbubbles from all cells in an image divided by the total number of cells in that image.
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PCCA/Method

DFB : DDFP 50:50 1 hour

DFB : DDFP 50:50 10 minute

incubation, 12 scans (N=3)

incubation, 12 scans (N=3)

41% ± 1.1%

31% ± 1.3%

(111/272 cells)

(97/311 cells)

82% ± 0.6%

64% ± 1.5%

(153/187 cells)

(140/218 cells)

MB/cell Pre-US

0.68 ± 0.49

0.42 ± 0.35

MB/cell Post-US

2.35 ± 0.79

1.32 ± 0.61

Ratio of intracellular MB

3.46

3.14

% of cells with MB PreUS

% of cells with MB PostUS

Post-US/Pre-US
Table 3: PCCA vaporization both pre and post-ultrasound with 1 hour versus 10 minute
incubation ± SEM (N=3 for both 1 hour incubation and 10 minute incubation).
Pre-US

DFB : OFP
50:50
4 scans,
1 hour

DFB
4
scans,
1 hour

DFB :
DDFP
50:50
4
scans,

DDFP

DFB

DFB :

4
scans,

12
scans,

DDFP
50:50 12

1 hour

1

scans, 1

hour

hour

1 hour
Mean
MB/cell

0.61 ± 0.37

0.66 ±

0.58 ±

0.58 ±

0.72 ±

0.68 ±

0.49

0.40

0.45

0.55

0.49

DFB : DDFP
50:50 12
scans,
10 min
incubation

0.42 ± 0.35

Table 4: Statistics for all different types of PCCAs and parameters tested prior to applying
ultrasound ± SEM.
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DFB :
OFP 50:50

PostUS

4 scans
1 hour

DFB
4
scans
1 hour

DFB :
DDFP
50:50

DDFP

DFB

DFB :

4 scans

DDFP
50:50

10 min

4 scans

1 hour

12
scans
1 hour

12

incubation

1 hour

Mean
MB/cell

1.19 ± 0.51

DFB : DDFP
50:50 12 scans

scans

1.61 ±

1.91 ±

1.28 ±

1.19 ±

2.35 ±

0.78

0.81

0.66

0.66

0.79

1.32 ± 0.61

Table 5: Statistics for all different types of PCCAs and parameters tested following ultrasound
application ± SEM.
Control experiments- Folate incorporation increased the frequency of intracellular microbubble
observation by a factor of roughly 45 compared to untargeted PCCAs22.
Conclusion:
This project was able to show the internalization and ultrasound activation of targeted
phase-shift agents within MDA-MB-231 breast cancer cells. Folate-decorated PCCAs
demonstrated significantly greater internalization than untargeted PCCAs (p < 0.0001), this was
strong evidence that intracellular PCCA delivery was primarily folate receptor-mediated22. Ten
minute incubation as well as one hour incubation of the targeted PCCAs with MDA-MB-231
breast cancer cells proved to be sufficient time for PCCAs to internalize within the cells. The fact
that the ten minute incubation time showed similar results to the one hour incubation time is
significant when thinking about the translation to the clinical setting. Time is frequently of the
essence in clinical scenarios, so when quicker processes can be developed, such as shorter
incubation time of an imaging and/or targeting agent, it is likely to be helpful.
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Prior to ultrasound activation, for every type of targeted PCCA tested, there was a lower
percentage of cells with intracellular microbubbles as well as a lower number of intracellular
microbubbles per cell compared to post-ultrasound. The hope was for very few microbubbles to
appear within the cells prior to ultrasound as the goal of the experiments was to have the
application of ultrasound cause the phase change from nanodroplets to microbubbles. With this,
some microbubbles did appear prior to ultrasound based on a gradual temperature increase. To
apply ultrasound, four scans of 9 MHz of acoustic pulsing was applied. For the PCCAs
consisting of 50:50 OFP:DFB, 44% of the cells had intracellular microbubbles prior to
ultrasound application with an average of 0.61 microbubbles per cell (for all experiments,
microbubbles per cell looked at the total number of microbubbles in all cells in an image divided
by the total number of cells in that image). Following ultrasound, 65% of the cells showed
evidence of OFB:DFB microbubbles, with an average of 1.19 microbubbles per cell. For the
experiments involving DFB PCCAs, 41% of cells showed evidence of microbubbles prior to
ultrasound with an average of 0.66 microbubbles per cell. Following ultrasound application, the
number of cells that contained intracellular microbubbles increased to 66% and the number of
microbubbles per cell increased to 1.61. Testing the PCCAs consisting of 50:50 DFB:DDFP
showed only 37% of cells containing microbubbles pre-ultrasound, with an average of 0.58
microbubbles per cell. Following ultrasound, 70% of cells showed evidence of microbubbles
with an average of 1.91 microbubbles per cell. Lastly, DDFP PCCAs were examined and showed
only 35% of cells contained an intracellular microbubble prior to ultrasound with an average of
0.58 microbubbles per cell. Following ultrasound application DDFP microbubbles appeared in
62% of cells with an average of 1.28 microbubbles per cell. These results showed that the
PCCAs with greater stability undergo less spontaneous activation than PCCAs with weaker
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stability. This evidence comes from the fact that 50:50 OFP:DFB (least stable PCCA tested)
microbubbles appeared in 44% of cells prior to ultrasound while DDFP (most stable microbubble
tested) microbubbles appeared in only 35% of cells pre-ultrasound.
Given the above results, DFB and 50:50 DFB:DDFP PCCAs were examined further as
they appeared to be the most optimal. They were considered most optimal because fewer of these
PCCAs internalized within cells prior to ultrasound and following ultrasound application showed
the largest numbers of microbubbles per cell. The following experiments changed by applying 12
scans of the 9 MHz acoustic pulse instead of 4 scans. This was done to observe if more scanning
would lead to more activation of PCCAs. With the DFB PCCAs there was surprisingly a
decrease in the number of microbubbles per cell following ultrasound. When only scanning the
culture dish four times with the ultrasound transducer, there was 1.61 microbubbles per cell postultrasound while when scanning the dish 12 times there was only 1.19 microbubbles per cell
post-ultrasound. A possible explanation for this is that the excess application of acoustic energy
cavitated some of the microbubbles following their formation. The 50:50 DFB:DDFP showed
different results. With only four scans there was an average of 1.91 microbubbles per cell postultrasound, while with 12 scans there was an average of 2.35 microbubbles per cell postultrasound. Another significant statistic was seen with the percent of cells that contained
intracellular 50:50 DFB:DDFP microbubbles post-ultrasound as it increased to 82% from 70%
when using 12 scans versus 4 scans, respectively. Applying 12 scans of the Zonare transducer to
the 50:50 DFB:DDFP PCCAs also showed the highest ratio of microbubbles per cell postultrasound/pre-ultrasound at 3.46. The fact that these PCCAs showed the highest ratio most
likely comes from their stability as it allows for little vaporization prior to ultrasound while still
being able to be activated upon ultrasound application. It is noted that these experiments were all
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performed manually so scanning time may not have always been exactly the same in each
experiment. The pulse repetition frequency was 13 Hz. Consequently discrepancies could occur
secondary to changes in the scanning rate (which is a possibility), and thus all of the PCCAs may
not have been exposed to the exact same amount of pulses. Numerous experiments were
performed to help avoid having skewed results from unavoidable differences like this.
Given the above data, more testing was done on the 50:50 DFB:DDFP PCCAs. The last
step of these experiments was changing the incubation time of the 50:50 DFB:DDFP PCCAs
from one hour to ten minutes The PCCAs that received ten minutes of incubation time also
received 12 scans from the ultrasound transducer (instead of four) and this was because the 50:50
DFB:DDFP PCCAs that received 12 scans produced superior results. With only ten minutes of
incubation time, prior to ultrasound, only 31% of the cells contained microbubbles with an
average of 0.42 microbubbles per cell. These pre-ultrasound numbers are lower than the numbers
seen with one hour incubation of the 50:50 DFB:DDFP PCCAs which showed 41% of cells with
microbubbles and an average of 0.68 microbubbles per cell. This decreasing trend continued
post-ultrasound. The PCCAs that were incubated for ten minutes were able to internalize and
vaporize into microbubbles in 64% of cells with an average of 1.32 microbubbles per cell. When
incubated for an hour, 82% of cells showed evidence of microbubbles with an average of 2.35
microbubbles per cell.
From all of these results it became evident that 50:50 DFB:DDFP PPCAs were the most
optimal for targeting and internalizing within MDA-MB-231 breast cancer cells. This conclusion
comes from several factors, first of which is that it showed the second lowest percentage of cells
with microbubbles prior to ultrasound application. The only PCCA to show lower amounts of
spontaneous PCCA activation were DDFP PCCAs, but these PCCAs did not show near as much
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activation via ultrasound as the 50:50 DFB:DDFP PCCAs did, and this is likely due to their
stability. With that being said, 50:50 DFB:DDFP PCCAs provided enough stability to show low
amounts of spontaneous activation, which allowed these PCCAs to stay in droplet form giving
them more time to internalize within the cells, as well as still show significant activation upon
acoustic pulsing. These PCCAs, upon ultrasound activation, showed the highest percentage of
cells with microbubbles and also showed the highest number of microbubbles per cell compared
to the other PCCAs, regardless of whether the culture dish was being scanned 4 or 12 times.
The shorter incubation time also showed interesting results. As you may expect, a shorter
incubation time led to less of everything (less cells with at least one microbubble pre and postUS, less MB/cell pre and post-US). This can be viewed in two ways when translating to the
clinical setting. If these PCCAs are being used as an imaging agent only, ten minutes of
incubation seems like the better option as less signal would be seen before ultrasound so upon
ultrasound activation it may be clearer exactly where the targeted agents are located and where
they are not. On the contrary, one hour incubation showed more microbubbles per cell following
ultrasound application. If the PCCAs were being used for direct drug delivery to individual cells
or if one wanted so many microbubbles in a cell that upon their cavitation the cell may destruct,
it would be necessary to have the most microbubbles per cell as possible.
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Chapter 3: Vaporization of PCCAs with Focused Ultrasound (FUS)


Objective- Vaporize PCCAs made from different perfluorocarbons using focused
ultrasound. Also, asses the size of the focal point from the focused ultrasound.

3.1- Microbubbles and Ultrasound:
Ultrasonography is a technique capable of producing real-time non-invasive images
without causing significant damage to the body23. Propagation of ultrasound waves through
living tissues can be useful for a variety of therapeutic applications as these waves cause thermal,
mechanical and chemical effects which may be helpful depending on the subjects
circumstance23. Ultrasonography’s propagation of acoustic waves through tissues can causes two
main biological effects and those effects are thermal and mechanical23. Thermal effects come
when ultrasound waves move through tissues. This propagation will cause the amplitude of the
acoustic wave to decrease with distance. This decreasing wave amplitude is known as attenuation
and is due to wave absorption24. Absorption occurs when part of the wave energy is transformed
into heat23. The mechanical effects from ultrasound relate to microbubbles. Ultrasound can cause
both oscillation and cavitation of microbubbles when subjected to the stimulus of an acoustic
wave23.
Sonoporation is the use of ultrasound waves to modify the permeability of a structure.
Microbubbles within the focal point of a transducer can undergo inertial cavitation induced by
ultrasound at an interface, such as the membrane of a cell or tissue. Microbubbles can act as
therapeutic agents via their passage through open pores caused by their own oscillation and/or
inertial cavitation and ultrasound induced endocytosis25.
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High intensity focused ultrasound (HIFU) is a non-invasive modality that has the ability
to focus high intensity waves, which can cause cell death via necrosis. HIFU is used clinically
for two main reasons. The first reason uses thermal elevation to induce ablation of uterine
fibroids. HIFU can also be used for palliative treatment of bone metastases26. HIFU’s ability to
cause ablation is not beneficial in many scenarios as destruction of tissues can frequently be very
harmful. It’s been discovered that microbubbles are able to possibly increase heat generation by
oscillation as well as increasing inertial cavitation27 and this allows for a possible decrease in the
intensity requirements for focused ultrasound (FUS), which presents a safer alternative to HIFU.
3.2- Focused Ultrasound Opening of the Blood-Brain Barrier (BBB):
The BBB provides an anatomical barrier between the blood and the extracellular space.
This barrier controls the flow of solutes in and out of the brain providing an optimal environment
for brain functioning28. Disruption of the BBB can be detrimental and has been implicated in the
pathophysiology of many brain diseases. BBB disruption can occur from events and diseases
such as strokes, traumatic brain injuries, brain tumors, epilepsy and neurodegenerative
disorders28. Unfortunately, it is very difficult to transport agents across the BBB due connections
between endothelial cells called tight junctions. Solute movement is restricted by these tight
junctions between the cells which will control the diffusional pathway between the blood and
brain extracellular fluid29. With this, some lipophilic solutes are able to diffuse across the BBB
given the lipid state of plasma membranes. Some small molecules may diffuse across the BBB
by passive diffusion through cell membranes and across the endothelial cells. Some polar
metabolites, like glucose and amino acids, are also able to cross the BBB via carrier-mediated
transport29. Carrier-mediated transport is needed for molecules with low lipid solubility to cross
the BBB. Given that these mechanisms for passage across the BBB are pre-determined in the
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body, delivering drugs and/or targeting agents across the BBB is very difficult. The tight
junctions connecting the membranes of endothelial cells must be crossed for a drug or targeting
agent to cross the BBB.
With this, studies are being performed to develop a technique that is capable of opening
the BBB and delivering specific targeting agents to treat specific diseases. For example,
treatment of gliomas through locally induced transient opening of the BBB produced by a
combination of HIFU, doxorubicin and microbubbles23. It was found that although short, highintensity ultrasound waves above the cavitation threshold are able to cause transient opening of
the BBB, results from these studies were hindered as it caused brain tissue damage in many
animals30. It was later found that low-intensity focused ultrasound applied after intravenous
administration of microbubbles can be used to transiently open the BBB without permanent
damage. Thus, induction of consistent, focal blood-brain barrier opening31 can be shown by
using microbubbles in combination with low-intensity FUS. Low-intensity focused ultrasound is
able to consistently produce transient BBB opening by using microbubbles for oscillation as well
as cavitation sites31. When opening the BBB, many risks must be considered including opening
of non-targeted brain tissue which could be detrimental as the BBB should never be disrupted
accidentally. Other risks include bleeding, which could deplete oxygen supply to the brain, and
infection32. Infection could occur when delivering a targeting agent into the brain because the
brain would not recognize the particle and could possibly reject its presence. Given this, there are
definite pros and cons to opening the BBB and delivering agents across it. Direct delivery of a
targeted agent for imaging or delivery are both beneficial, while brain damage or bleeding in any
way could of course be detrimental.
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In collaboration with Professor Theodore Trouard, Ph.D. and Michael Valdez, Ph.D.
candidate, University of Arizona, we were evaluating the use of focused ultrasound to open the
BBB for targeted microbubble delivery. The experiments performed by our collaborators are
being performed in vivo while the experiments done in this study were used as a comparison and
verified the size of the focal point and outward radiation force emitted from 10 watts/cm2 of
FUS. This study also showed which type of PCCA showed optimal vaporization from focused
ultrasound. This was done because PCCAs are smaller and (may pass through leaky junctions in
the brain) show greater stability than microbubbles thus may be more suitable for targeted
delivery and will therefore be employed through the BBB in future studies.
Methods:
For initial experiments, untargeted
microbubbles were used as no ligand was
necessary. The microbubble formulation
consisted of DPPC, DPPA, and DPPEPEG-2000. Three different types of gases
were tested in these microbubbles including
50:50 OFP:DFB, DFB, and 50:50
DFB:DDFP. The microbubbles were
Figure 6: Testing apparatus for all experiments.

condensed to liquid phase nanodroplets.

This was done by initially cooling the microbubbles in a salt/ice bath (-7°C to -10°C) and then
applying air pressure (80-95 psi) to the vial of microbubbles, which caused condensation and
phase change from gaseous microbubbles to liquid nanodroplets.
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The set-up for this project used two ultrasound transducers- one for imaging and the other
for vaporization of PCCAs. Saline flowed from a 60 mL syringe past a stopcock that also held a
1 mL syringe that contained PCCAs which were injected into the saline solution. At the outlet
end of the stopcock there was tube connected (inner diameter of 3.1 mm) that would carry the
solution to an agarose gel, held by a 3D printed platform, with a hollow tunnel running through
it. The solution would exit the tunnel in the agarose gel through a straw and be dispensed from
the apparatus.
The 1.5% agarose gel that was made acted as the platform through which the PCCAs
would be imaged and also where they would receive pulsing. The gels were formed within a 3D
printed stage where they sat for experimentation. Prior to pouring the gel into the stage, a straw
was placed running end to end through the stage. The gel was then poured into the stage and
would solidify, and the straw that ran through its center acted as a hollow tunnel for the solution
to flow through. This stage was designed using SolidWorks and was printed with the Objet
Connex 350. The material used for this stage was VEROGRAY RGD850, which comes from a
chemical family of acrylic compounds. On top of the gel sat the Vevo 2100 transducer (Visual
Sonics, Ontario, Canada). This transducer was used for imaging of live videos and its parameters
consisted of a frequency of 21 MHz and a transmit power of 1% of maximum. The FUS device’s
(Synergy Electronics, Phoenix, Arizona) transducer sat in an adjustable position at a 90º angle
with the imaging transducer and focused at the hollow tunnel of the gel (21 mm between the
transducer and the tunnel). The adjustable part of the stage was necessary as depending on the
depth of the gel, the focus of the transducer would become slightly shifted up or down. The FUS
transducer was used for acoustic pulsing, which means that its purpose was to vaporize PCCAs
passing through the tunnel. The FUS driver was triggered via a TTL pulse from a waveform
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generator (Agilent, model 33220A, Santa Clara, CA). At the beginning of the project, in order to
find the focal zone of the transducer, the intensity was set to 100 watts/cm2. After determining
how to find the focus, parameters were adjusted and consisted of an intensity of 10 watts/cm2,
1% duty cycle (pulsing 10 ms, off 990 ms), 1 Hz repetition frequency.

Figure 7: 3D printed stage that encloses the gel through which the saline and PCCAs flowed
through.
For each experiment, the saline was flowing through the syringe pump at a flow rate of
100 mL/hr and 300 µL of the PCCAs were injected into the saline solution. The original tunnel
size was 6 mm, but after further testing was reduced to 4 mm so that the PCCAs could take up a
broader area of the tunnel when flowing through it. Following experimentation, the videos were
analyzed via ImageJ. With ImageJ the number of nanodroplets vaporizing into microbubbles was
visually calculated by looking at the videos frame-by-frame. Nanodroplets were distinguished
from microbubbles given that nanodroplets provide a lower contrast than microbubbles, are
significantly smaller than microbubbles, and microbubbles float whereas nanodroplets do not.
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Results:

Figure 8: Tunnel through agarose gel filled with DFB filled microbubbles. Application of 100
watts/cm2 with 100% duty cycle (constant pulse) of FUS was applied, microbubbles were not
seen at the focal point as well as microbubbles affected by radiation force.
Figure 8 is taken from an initial experiment when determining if the testing apparatus and
platform that we designed would show any pulsing from FUS at all. In this figure, an intensity of
100 watts/cm2 was used and we were able to create an area void of microbubbles which
demonstrated that the FUS was having an effect, so further experimentation was done using an
intensity of only 10 watts/cm2.
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Figure 9: Tunnel through agarose gel filled with DFB PCCAs. Application of 10 watts/cm2 with
100% duty cycle (constant pulse) of FUS was applied, PCCAs not seen at the focus presumably
affected by radiation force.
Figure 9 is taken from an experiment when determining if an intensity of 10 watts/cm2
would show any effect. This intensity was tested to be comparable to the in vivo studies being
performed by our collaborators. It was clear that this lower intensity was able to create an area
void of PCCAs which demonstrated that these parameters could be tested further.

37

Figure 10: (1) DFB PCCAs that were flowing through the tunnel, without receiving any FUS
pulsing. (2) Image taken from a single frame after (using ImageJ) following a single pulse using
an intensity of 10 watts/cm2 and a duty cycle of 1%.
Figure 10 is able to show that, with the use of ImageJ, we were able to analyze the videos
taken frame-by-frame. With this, it was possible to look at a frame just prior to a single pulse
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was applied and then analyze a frame just after the pulse to determine how many PCCAs were
being vaporized. Analysis of the number of PCCAs vaporizing per pulse was done visually.
Type of PCCA

PCCAs vaporized to

50:50 OFP:DFB

DFB

50:50 DFB:DDFP

(N=5)

(N=9)

(N=5)

0.77 ± 0.37

12.56 ± 0.75

1.50 ± 0.47

MB/pulse
Table 6: Statistics from FUS project ± SEM.
Conclusion:
Initial optimization for the testing apparatus was confounded by the difficulty in finding
the focus with the FUS. This was difficult due to the small size of the focal point. Given this, we
were able to design a chamber that could adjust the transducer position on an adjustable stage.
Over time, we were able to identify a region consistent with the beam focus as we could see the
pulsing signal and were able to create an area that was void of microbubbles and PCCAs (as seen
in the above images) that were consistent (but not definitive) with the beam pattern
measurements for the transducer designed for us. The specifications of the transducer from
Synergy Electronics showed a beam diameter of 1.10 mm at the focal point with an actual focal
length of 18.5 mm.
After optimizing the testing conditions in these experiments and learning how to adjust
the transducer, it became “easier” to find the focus. The focus was then confirmed to be roughly
1.6 mm, which helped verify the size of the blood-brain barrier opening compared to in vivo
estimations seen in Michael Valdez’s project. An image from his work, showing the BBB
opening is depicted below (Figure 11). Using ImageJ, the size of the BBB opening in vivo was
confirmed as approximately 1.50 mm. This is extremely close to the focal point size of 1.60 mm
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shown in these experiments. This slight difference in focal zones is likely due to the attenuation
of sound when pulsing through the skull compared to pulsing through an agarose gel. These focal
point sizes of 1.50 mm in vivo and 1.60 mm are very close to the actual diameter of the beam at
the focal point (1.10 mm). The difference in focal point size may come from where the focal
point is being measured. The actual focal length of the FUS (Synergy Electronics) is reportedly
18.5 mm and in these experiments the distance between the transducer and the center of the
tunnel, where imaging occurred, was 21 mm (measured manually). This slight increase in
distance past the focal length may provide reason towards the increased focal size recorded in
these experiments.

Figure 11: MRI image shows in vivo opening of BBB in mouse skull using the same parameters
of FUS as were used in these experiments. The opening of the BBB in vivo approximated 1.50
mm (courtesy of Michael Valdez, Ph.D. candidate, University of Arizona).
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Three types of PCCAs were tested in these experiment in order to determine which type
showed the most vaporization following acoustic pulsing via FUS- 50:50 OFP:DFB, DFB, and
50:50 DFB:DDFP. Each of these gases were tested in at least 5 experiments, while DFB alone
was tested in 9 experiments. The results were consistent, DFB PCCAs vaporized much more
than the other types of gases tested (Statistics shown above- 0.77 MB/pulse with 50:50
OFP:DFB, 12.56 MB/pulse with DFB alone, and 1.50 MB/pulse with 50:50 DFB:DDFP).
These results show by far the largest vaporization for the PCCA with the medium
stability. The hypothesis that can be made from this is that the 50:50 OFP:DFB PCCAs are
undergoing very rapid vaporization and cavitation upon ultrasound activation, therefore there are
few visible microbubbles shown from the activated PCCAs. These results may come as a
surprise as highly volatile nanoparticles, such as OFP:DFB (OFP boiling point= -37°C, DFB
boiling point= -1°C) have shown large amounts of vaporization via acoustic energy application33.
With this, it is known that these droplets are highly unstable (compared to other droplets tested)
and are capable of vaporization with less energy than their counterparts formulated from less
volatile perfluorocarbons (such as DFB alone and 50:50 DFB:DDFP)33. Further experiments
should be performed applying lower intensities to the 50:50 OFP:DFB PCCAs. With the 50:50
OFP:DFB PCCAs it was also difficult to introduce as many PCCAs in droplet form as seen with
other types of PCCAs into the field of view of the Vevo 2100 transducer. This is due to the
propane gas providing weak stability therefore these PCCAs were undergoing much more
spontaneous vaporization. This hindered the results of the 50:50 OFP:DFB PCCAs because upon
application of ultrasound there were not as many droplets remaining to potentially vaporize, even
though the same amount of PCCAs were being injected (300 µL) as seen with the other types.
DFB PCCAs were successfully vaporized from nanodroplets to microbubbles and were able to

41

remain in that form. 50:50 DFB:DDFP PCCAs showed little vaporization of nanodroplets into
microbubbles and this could be due to the greater stability provided by the pentane and thus
higher pulsing intensities may be needed to produce as many microbubbles as seen with the DFB
alone. Given the results of these experiments it became clear that PCCAs are able to be
vaporized by FUS. All of these different types of PCCAs need to be tested further at a variety of
pulsing intensities. This would show how low the pulsing intensity could be to vaporize 50:50
OFP:DFB and how high the pulsing intensity must be to vaporize 50:50 DFB:DDFP.
From a clinical perspective, increased BBB permeability caused by sonoporation could
be harmful if not performed correctly. There are current studies using microbubbles that are
attempting to avoid these issues. It was shown in rabbits that introducing microbubbles into the
blood stream prior to focused ultrasound exposure, the BBB could be temporarily opened at the
ultrasound focus without obvious damage31. These experiments were done with temporal peak
acoustic power ranging from 0.2-11.5 W and spatial peak intensity range of 16-690 W/cm2. In
these experiments, sonications were pulsed at different burst lengths including both 10 and 100
msec. The pulse repetition frequency remained at 1 Hz for all of these experiments while the
entire sonication length was 20 seconds31. Ten seconds prior to ultrasound exposure,
microbubbles were injected into the rabbit’s ear vein31. This study used MRI to show that the
insonations produced focal blood-brain barrier opening without any obvious visible harm to the
brain tissue31. This study was able to show that using lower intensity focused ultrasound applied
after intravenous injection of microbubbles can produce transient BBB opening without
noticeable permanent damage to the brain tissue31.
When attempting to deliver targeting agents to a specific region in the brain all risk
factors must be considered. Many studies have attempted to develop techniques to safely open
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the BBB and deliver microbubbles, but further work is needed to demonstrate all possible
negative effects32. It is vital that further studies be done to determine the exact ultrasound
parameters that must be set to provide safe opening of the BBB.
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Chapter 4: Targeting vulnerable plaque:


Objective- Deliver different receptor-targeted microbubbles to human aortic endothelial
cells and determine which type of targeted microbubble demonstrates the most binding
and maintained binding under different shear-stress conditions.

4.1: Atherosclerosis & vulnerable plaque
Atherosclerosis is a chronic inflammatory disease that occurs at sites of blood
disturbance34 which is due to hardening and narrowing of arteries. Atherosclerosis can lead to the
development of vulnerable plaques and other detrimental cardiovascular events35. Atheromatous
plaques are found on vascular endothelium in coronary arteries and behave in different ways.
Oftentimes the plaque grows slowly, but flow is not significantly obstructed so the plaque is
asymptomatic and goes unnoticed. However, larger plaques can cause blood flow blockage
which may lead to much more noticeable and harmful events such as hypoxia, angina,
myocardial infarcts, and even sudden death. There have been two types of plaques shown in the
heart; stable and vulnerable. Stable plaques are made up of a thick fibrous cap over a much
smaller lipid core36. Stable plaques contain abundant amounts of collagen providing both
stability and strength for the plaque, lessening it’s chance of rupturing36. Vulnerable plaques
possess a thinner, inflamed fibrous cap covering a large lipidic and necrotic core. Vulnerable
plaques have the potential of rupturing for several reasons. First, expansion of the lipid core will
cause further erosion of the thin fibrous cap. Simultaneously, macrophages within the plaque
release enzymes that destruct any collagen that may be left in the fibrous cap which greatly
weakens it36. Given the weak state of this fibrous cap, rupture becomes very likely36.
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The current problem in treating vulnerable plaque is first identifying it accurately and
differentiating it from a more benign lesion. Imaging techniques are being developed to
hopefully identify vulnerable plaques as early as possible35. With this, there is not yet a common
vascular imaging modality to assess the presence of vulnerable plaques35. Along with the lack of
imaging techniques, C-reactive peptide is currently the only inflammatory marker commonly
used to asses the risk of patients37. Regions with vascular inflammation are thought to be
associated with vulnerable plaque and thus these regions, which may have upregulated
membrane receptors, are potentially good regions to target. The objective of this study was to
test the feasibility for reliably locating vulnerable plaque in vitro with the use of receptortargeted microbubbles and fluorescent microscopy.
4.2: Microbubbles & shear-stress
Microbubbles are useful imaging agents, minimally invasive as they are administered to
patients intravenously, and are inexpensive. In this series of experiments, human aortic
endothelial cells (HAECs, ATCC, and Manassas, VA) were screened with a variety of different
targeted microbubbles whose ligands may potentially identify upregulated receptors. Using
fluorescent dyes (calcein and DiI) it was possible to see which targeting ligands bound to
HAECs while also confirming the viability of the cells.
It has been shown that endothelial cells lining blood vessels are exposed to a variety of
mechanical stresses, one of which is a possible elevated shear-stress38. Given this, another aspect
of this experiment was testing the shear-stress at which the microbubbles could still bind avidly.
This was conducted with the use of a flow chamber and adjusting flow rates followed by the
determination of shear-stress. Data was collected that helped determine maximal binding of
microbubbles as a function of shear stress. In addition, a decrease in binding from maximum was
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used to provide insight into the “unbinding” of microbubbles. This was useful for comparing the
relative affinity of ligands for the peri-inflammatory region around vulnerable plaque.
Methods:
The formulation of the targeted microbubbles for this project included DPPC, DPPEPEG-2000 and a targeting ligand. In these experiments, five different types of targeted
microbubbles were tested as well as one control microbubble that lacked a targeting ligand. The
ligands tested were selective for affinity to specific receptors. The targeting ligands added to the
microbubble formulations were prepared by NuxOx Pharma (Tucson, AZ) and included: DSPEPEG-2000-NH-Sub-HN-Mini PEG-YDPWTPS-NH2 (LOX-1-6), DSPE-PEG-2000-NH-SubHN-Mini PEG-LTPATAI-NH2 (LOX-1-8), DSPE-PEG-2000-NH-Sub-HN-Mini PEGFQTPPQL-NH2 (LOX-1-10), DSPE-PEG-2000-HN-Mini PEG-RANLRILARY-NH2 (VCAM1), and DSPE-PEG-2000-NH-Mini PEG-RVVC*EYVFGRGAVC*S-NH2*cyclic disulfide
(VWF).
The HAECs were cultured with vascular cell basal medium (ATCC, PCS-100-030,
Manassas, VA) as well as an endothelial cell growth kit-VEGF (ATCC, PCS-100-041,
Manassas, VA). This growth kit included rh VEGF (5ng/mL), rh EGF (5ng/mL), rh FGF basic
(5ng/mL), rh IGF-1 (15ng/mL), L-glutamine (10mM), heparin sulfate (0.75 units/mL),
hydrocortisone (1 ug/mL), ascorbic acid (50 ug/mL), and fetal bovine serum (2%). For
experiments, HAECs were stained with calcein and transferred to fibronectin-coated dishes
which assisted the cells in sticking to the culture dish.
Culture dishes were mounted on a parallel plate flow chamber kit (Glycotech,
Gaithersburg, MD) with a gasket thickness of 0.0254 cm and channel width of 0.25 cm. The
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parallel plate flow chamber was placed on an inverted microscope with a 40X objective
(microscope details below). In these experiments, the targeted microbubbles, stained with DiI,
flowed through a BIO-RAD Econo peristaltic pump (Hercules, CA) at a dilution of 1:1000
(volume microbubbles : volume of PBS). A variety of flow rates (mL/min) were tested, and the
flow rate was converted to shear-stress (dynes/cm2) (equation for conversion depicted in results).
The flow rates tested ranged from 1.0 – 6.4 mL/min which converted to shear-stress’ ranging
from 4.34-27.78 dynes/cm2. The solution reached the fibronectin coated dish that held human
aortic endothelial cells (HAECs). Imaging of the fibronectin coated culture dish was done via the
Nikon Eclipse E600 microscope which had an attached fluorescence unit (Nikon Y-FL) as well
as a camera (PIXIS:2048 Princeton Instruments, Trenton, NJ) to take real time videos of the
microbubbles passing over and binding to the cells. This camera gives high spatial resolution and
large fields of view (2048 x 2048 imaging array; 13.5 um x 13.5 um pixels). The videos were
viewed with Q-Capture Pro 7, which is an optimal image acquisition software. Images of the
cells were taken separately from videos of the microbubbles flowing through the culture dish.
The images and videos that were collected with Q-Capture Pro 7 were analyzed with
ImageJ. Using ImageJ, the images of the cells (green) and the videos of the flowing targeted
microbubbles (red) were overlaid. From here, quantification of microbubble binding to the
HAECs was performed. Microbubbles were confirmed as bound to the HAECs if they were in
direct contact with the HAECs and remained there for the entire duration of the video. Many
microbubbles were clearly flowing through the field of view so it became evident which
microbubbles were binding to HAECs.
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Results:
The figures below (Figures 12 and 13) are screenshots from videos that showed
microbubbles flowing past the HAECs. All of the microbubbles shown in the figures below were
adherent to a cell or to the plate. The figures show microbubbles bound predominantly on the
periphery of the cells. These figures also show that not all cells bind the targeted microbubbles
therefore these cells presumably do not have the upregulated receptors that were being targeted.
In addition, results showed that at higher flow rates there was more random binding to the
culture dish than at lower flow rates.

Figure 12: Screenshot of VCAM targeted microbubbles (red) bound to HAECs (green). These
microbubbles were being delivered at 1 mL/min.
Figure 12 depicts HAECs stained with calcein and microbubbles stained with DiI. In this
image, it is clear that one HAECs shows abundant binding while the other cells show no binding
at all.
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Figure 13: Screenshot of VCAM targeted microbubbles (red) bound to HAECs (green). These
microbubbles were being delivered at 3.5 mL/min.
Figure 13 is taken from microbubbles being delivered to HAECs at a rate of 3.5 mL/min.
At this higher flow rate there is much more random binding of microbubbles to the fibronectin
coated dish than seen at 1 mL/min. There is also less obvious binding to any cells at this higher
flow rate.
The results showed that an increased shear-stress (dynes/cm2) decreased the amount of
microbubble binding, as depicted in table 7 and graph 1, both shown below.
The equation relating wall shear stress to volumetric flow rate through the chamber is given by:

τW = µγ = ((6µQ/(a2b))/60), where:
τW= wall shear stress, dynes/cm2
γ= shear rate, 1/sec
µ= apparent viscosity of media (PBS= 0.007P)
a= channel height (gasket thickness, = 0.0254 cm)
b= channel width (gasket width, = 0.25cm)
Q= volumetric flow rate, ml/sec
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(Parallel plate flow chamber and wall shear stress relationship provided by GlycoTech
Corporation)
All results were normalized: More microbubbles were being introduced to the HAECs at higher
shear-stresses. For example, if the flow is increased from 1mL/min to 2mL/min, twice the
amount of microbubbles are being delivered. To account for this, the total amount of
microbubbles bound to HAECs was divided by the flow rate at which they were delivered.
Microbubble

Control

VCAM

VWF

# of

Shear-Stress

Average MB

Experiments

(dynes/cm2)

bound/cell

3

4.34

0

3

8.68

0

3

13.02

0

7

4.34

2.60 +/- 0.51

6

10.85

1.86 +/- 0.77

5

15.19

1.54 +/- 0.50

5

19.53

1.11 +/- 0.61

3

27.776

1.06 +/- 0.16

3

4.34

0.59 +/- 0.04

50

LOX-1-6

LOX-1-8

LOX-1-10

2

13.02

0.27 +/- 0.03

2

26.04

0.09 +/- 0.03

3

4.34

0.71 +/- 0.39

2

10.85

0.25 +/- 0.22

2

15.19

0

2

17.36

0

2

19.53

0.03 +/- 0.02

2

4.34

0.60 +/- 0.05

2

13.02

0

2

4.34

0.50 +/- 0.02

2

13.02

0.17 +/- 0.03

Table 7: Microbubbles tested and the amount of microbubbles binding per cell as a function of
shear-stress
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Shear Stress vs. binding of targeted microbubbles
normalized
3.5

MB binding/cell

3
2.5
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2
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0
0
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Graph 1: Amount of microbubbles binding per cell as a function of shear-stress
The above graph shows the number of microbubbles that bound per HAECs, as well as
the shear stress at which these bubbles were binding. The equation to determine shear-stress
from flow rate (mL/min) is given above. These results show that the targeted microbubbles had
the potential of binding to HAECs, while the control microbubbles were devoid of any binding.
The results appear significant for the fact that the VCAM targeted microbubbles showed the
most binding to the HAECs, with approximately 2.6 microbubbles/cell at a shear stress of 4.34
dynes/cm2. When running these experiments, at higher shear stresses there were more
microbubbles bound to HAECs, but it was necessary to normalize for the fact that higher flow
rates meant more microbubbles were exposed to HAECs. After normalizing the data, it became
evident that microbubbles optimally bound to HAECs at lower shear stresses.
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Conclusion:
Atherosclerosis is an inflammatory disease. This disease develops through accumulation
of lipids within the artery wall. There is a growing body of evidence that endothelial dysfunction
is the first step in atherosclerosis development. The endothelial dysfunction causes the
endothelium to have pro-coagulant instead of anticoagulant effects39. If inflammation caused by
this endothelial dysfunction continues there will be an increase in the numbers of both
macrophages and lymphocytes because they will be recruited at the site of the lesion39.
Activation of macrophages and lymphocytes can cause further damage39. Over time, the lesion
will expand and become covered by a thin fibrous cap which overlies a lipid core that has
become necrotic, which provides the presence of a vulnerable plaque. At the same time, the
lesion will continue to enlarge into the lumen of a vessel and alter blood flow39.
The LOX receptors were targeted in these experiments as there is an increasing amount
of evidence showing that interaction between C-reactive protein (the current inflammatory
marker for atherosclerosis), lectin-like oxidized LDL receptor-1 (LOX-1) and atherogenic LDL
may play a prominent role in development of endothelial dysfunction40. The Von Willebrand
factor (vWF) receptor was targeted as it has been shown to play a key role in platelet adhesion to
subendothelial structures41. The Vascular Cell Adhesion Molecule-1 (VCAM) receptor was
targeted as the presence of a lesion will cause the accumulation of leukocytes and in this process
the endothelium of the affected region remains undamaged, but assists in leukocyte recruitment
by expressing specific adhesion molecules42. VCAM was thought to be the best possible target
for molecular imaging in this experiment as VCAM is not continually transcribed and its
upregulation occurs at the earliest stages of atherogenesis42.
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In these experiments it was evident that VCAM targeted microbubbles showed the most
binding to HAECs, and the most binding occurred for all types of microbubbles at lower shearstress’. Due to the dominant binding of VCAM targeted microbubbles compared to its
counterparts, VCAM could potentially be used to asses the degree of vascular inflammation in a
subject. When viewing the images and videos taken with these experiments it was clear that only
certain HAECs would bind cells, and if they did bind to cells, they typically bound quite robustly
(ranged from 2-15 microbubbles, depending on the type of targeted microbubble), while other
cells nearby would not bind a single microbubble. As discussed, regions of vascular
inflammation are thought to have the upregulated receptors in which the targeted microbubbles
were seeking. In these experiments, there was nothing done to the cells or media to inflame the
cells, which gives reason as to why only certain cells may have had the upregulated receptors,
and this was based off of chance alone.
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Chapter 5 - Future Directions:
Breast cancer projectEach type of gas within the folate targeted microbubbles has been tested in at least three
experiments, accounting for over 3,900 total cells analyzed. Results have been consistent
showing the 50:50 DFB:DDFP (butane/pentane) PCCAs are producing the best results. 50:50
DFB:DDFP are considered the best due to several reasons. Compared to other PCCAs, 50:50
DFB:DDFP PCCAs showed a low percentage of intracellular microbubbles prior to ultrasound
(37% of cells showed evidence of at least one microbubble). These PCCAs also showed the
highest amount of PCCA activation post-ultrasound, whether the transducer was scanned four
times across the culture dish (70% of cells showed microbubbles) or 12 times (82% of cells
showed microbubbles). Lastly, these PCCAs also showed the greatest number of microbubbles
per cell. With four scans there were 1.91 MB/cell and with 12 scans there were 2.35 MB/cell.
These statistics showed the highest ratio of intracellular MB/cell post-ultrasound/pre-ultrasound
when performing 12 scans which produced a ratio of 3.46. These PCCAs even showed relevant
activation with only 10 minutes of incubation (64% of cells with MB, 1.32 MB/cell). No matter
the testing parameters, 50:50 DFB:DDFP has been superior and this has been shown in a variety
of ways- 1 hour incubation, 10 minute incubation, and 12 scans vs. 4 scans.
The current control studies22 showed that the folate-targeted PCCAs internalized within
MDA-MB-231 cells 45X more frequently than the untargeted PCCAs. This shows that the folate
ligand on the targeted PCCAs is efficient. Further control studies should be done using these
folate-targeted PCCAs incubated with normal healthy breast cells. With this study, there would
be the hope that few to no targeted PCCAs internalized within the healthy breast cells. This
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would show that the targeted PCCAs are indeed selective for MDA-MB-231 breast cancer cells
vs. normal controls.
The next steps for this project would be to use the 50:50 DFB:DDFP PCCAs for in vivo
experiments using a window chamber murine model. The goal of in vivo testing would be to see
the same results as were seen in vitro, and that would be seeing 50:50 DFB:DDFP PCCAs
binding and internalizing within the breast cancer cells. These PCCAs can act as a very useful
imaging agent to identify a specific region of breast cancer as well as possibly assist in
destruction of cancerous cells through cavitation of microbubbles.
FUS projectThis study showed clear vaporization of PCCAs using FUS, which may be applicable for
transient opening of the BBB in future studies. With this, the use of PCCAs and FUS could be
used for many other applications. This is because the small size of PCCAs may be beneficial in
internalization within cells and/or tissues while also being susceptible to vaporization via lowintensity ultrasound pulsing. It would be beneficial to test a variety of intensities applied to the
liquid phase nanodroplets. In these experiments, the intensity applied was 10 watts/cm2 and this
was done to be comparable to the in vivo work done by our collaborator, Michael Valdez. When
referencing the literature, the 50:50 OFP:DFB PCCAs should show large amounts of
vaporization given their low boiling point and instability, but visually they showed few if any.
Application of lower intensities may assist in answering the question of if the 10 watts/cm2
pulsing is able to actually simultaneously vaporize and cavitate these PCCAs. If nanodroplets
formed visible microbubbles at intensities lower than 10 watts/cm2, this could be confirmed. On
the contrary, it would be helpful to test 50:50 DFB:DDFP PCCAs at an intensity higher than 10
watts/cm2. It would make sense that these PCCAs require more intensity to vaporize given the
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higher boiling point of DDFP (boiling point= 29°). It must be remembered that there will likely
be a difference in vaporization when testing in vivo versus in vitro or ex vivo. If these tests were
performed in vivo it is very likely that there would be larger beam attenuation when pulsing
through the skull, skin and/or body tissues compared to the agarose gel. Given this, there would
likely be more sound attenuation in vivo, which could lead to little to no vaporization of PCCAs
when using lower intensities. When pulsing through the skull it is possible that the less stable
50:50 OFP:DFB PCCAs vaporize upon application of 10 watts/cm2 while perhaps the more
stable PCCAs like DFB and 50:50 DFB:DDFP would not be given enough intensity to vaporize
with only 10 watts/cm2 due to the larger beam attenuation through the skull and/or body tissue
compared to the gel.
The next steps of this experiment would be testing the optimal PCCA’s (currently it is
DFB) conjugated to liposomes. Liposomes are able to act as a fluorescent label and this can be
useful for tracking the activity of the PCCA. Liposomes are also beneficial as they can act as a
drug delivery vehicle. Michael Valdez has been working on opening the BBB and delivering
microbubbles to a specific region in the brain via the FUS settings used in these experiments.
PCCAs provide a greater stability than microbubbles and thus may be able to act as better
targeting agents given their decreased size in droplet form and ability to pass through leaky
junctions. Once optimizing the delivery of targeted-PCCAs in the brain, conjugation of a
liposome to treat a specific disorder or disease could be done in order to give direct delivery of a
drug to a specific region of the brain.
Vulnerable plaque projectThe biggest obstacle seen in this experiment was growing the human aortic endothelial
cells. With the correct media along with an endothelial cell growth kit, it took several weeks to
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get the cells to even 20% confluency. This is a common delay when growing a primary cell line.
Another obstacle was that with the Nikon fluorescent microscope that was used, the cells could
only be seen in focus in one plane. The results of these experiments may have shown more
microbubbles per cell if there was a way to clearly view the cells through multiple planes. A
future project could be imaging these cells with confocal microscopy as confocal can take
images through many planes of a cell.
For this project more targeted microbubbles should be tested, specifically LOX-1-31 and
P-Selectin. VCAM is likely still the optimal targeted microbubble as it has been studied in vivo
and is showing that it is an early marker for vascular inflammation43. After determining which
type of targeted microbubble shows the most binding to HAECs as well as the optimal shearstress, it would be extremely beneficial to test this type of microbubble in vivo (in a mouse). This
would determine if HAECs that are stuck on a fibronectin coated dish behave the same as in an
actual heart. For this, it would be necessary to develop a mouse prone to or with atherosclerosis
or developing vascular inflammation. Apolipoprotein E (ApoE) is a key component involved in
the clearance of cholesterol from the body’s circulation and therefore assists in slowing down the
development of atherosclerosis44. Given this, it would be practical to test an apolipoprotein E
deficient mouse. An ApoE deficient mouse would be likely to develop atherosclerosis because
this mouse would have excess oxidative stress and free radicals45.
In addition, it is noted that HAECs may not possess the same inflammatory upregulation
of receptors as seen on endothelial cells in vivo. Hence, there may not be a correlation between
in vitro results and in vivo studies.
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Thesis Conclusion:
The three projects performed in this thesis analyzed the use of microbubbles and phasechange contrast agents for targeting and delivery. In the breast cancer project, it was determined
that folate-receptor targeted PCCAs are able to internalize and activate within MDA-MB-231
breast cancer cells. This study examined different precursor gaseous microbubbles and found
that 50:50 DFB:DDFP showed the highest amount of PCCA internalization and activation within
the breast cancer cells. In the second project, it was verified that focused ultrasound is capable of
vaporizing PCCAs. Of the different types of PCCAs tested, DFB PCCAs were superior as they
showed the most vaporization upon single pulses from FUS at the parameters set. Lastly,
different receptor targeted microbubbles were used to target human aortic endothelial cells with
intentions of locating regions of vascular inflammation in vitro. It was determined that the
VCAM-targeted microbubbles showed the most binding to the HAECs and the most binding
occurred at the lowest shear-stress tested. Each of these projects were able to demonstrate how
microbubbles and PCCAs can be used to identify and image a targeted diseased region within the
body.
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