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SUMMARY

Ultrasound imaging greatly benefits from the use of contrast agents to highlight
regions of the body that typically exhibit low contrast. Gas microbubbles have drastically
improved blood vessel imaging, even enabling visualization of micron-scale capillaries and
thus achieving super-resolution ultrasound, but their size and stability in physiological
conditions have prevented microbubbles from use in cellular imaging applications. More
recently, two ultrasound contrast agents are being investigated for their potential to achieve
cellular imaging thanks to their smaller size and improved stability over gas microbubbles.
Gas vesicles are protein nanostructures with a hollow gas core, and gene constructs called
mammalian acoustic reporter genes (mARGs) were recently developed which enable gas
vesicle expression in mammalian cell lines and can be used to locate cells genetically
engineered with mARGs in deep tissue structures in vivo. Perfluorocarbon nanodroplets
(PFCnDs) are a type of phase-change contrast agent that are small and stable enough to
extravasate from blood vessels into surrounding tissue for ultrasound imaging or targeted
drug delivery. This thesis advances the use of both gas vesicles and perfluorocarbon
nanodroplets as intracellular ultrasound contrast agents for different applications of cellular

imaging.

First, we examine gas vesicles and implement a way to improve gas vesicle
expression yield in human cell lines. In Aim 1, we modify the original mARG construct to
increase the proportion of cells that express gas vesicles by making the genes drug
selectable. This modification reduces the steps required to generate a gas vesicle-

expressing cell line with sufficient gas vesicle production to form ultrasound contrast

Xiv



without the need to use fluorescent-activated cell sorting (FACS) or single-cell cloning.
We implement these drug selectable mARGs (mARGyqs) in HEK293T cells and validate the
presence of gas vesicles optically and ultrasonically. These findings simplify the process
of generating gas vesicle-expressing cell lines and advance the field of acoustic reporter

genes for intracellular ultrasound imaging applications.

Next, we shift our focus to PFCnDs. One cause for concern when using PFCnDs in
vivo is the potential for inertial cavitation (IC), or rapid irreversible bubble collapse that
can cause cellular damage. In Aim 2, we examine the lipid shell composition of PFCnDs
to find an optimal ratio of lipid components that enable PFCnDs to generate ultrasound
contrast with reduced risk of IC occurrence. This lipid shell ratio is used in all subsequent
experiments involving PFCnDs. Next, we examine the feasibility of inserting nanodroplets
into individual cells via patch clamp to achieve single-cell localization of these cells using
ultrasound imaging. In Aim 3, we attempt to patch over 60 HEK293T cells and successfully
inject nanodroplets into ~50% of these cells, noting pressure and time parameters that result
in nanodroplet injection. Afterward, we develop a protocol to enable cell transfer from the
patch clamp rig to an ultrasound imaging set-up for subsequent imaging of the nanodroplet-
injected cells. We demonstrate proof of concept of this technique, which opens the field
for not only single-cell localization, but also single-cell physiology reconstruction using
super-resolution imaging techniques and long-term studies of cell migration and

morphology in vivo.

XV



I conclude this thesis by reflecting on the work presented in this dissertation and
propose future directions and applications of gas vesicles and perfluorocarbon
nanodroplets. This thesis contributes to the growing field of ultrasound contrast agents, and
the studies and research findings contained within this thesis expand upon ultrasound

contrast agents as tools for intracellular ultrasound imaging.
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Chapter 1
SUMMARY OF SPECIFIC AIMS

Ultrasound is a safe, biocompatible, and versatile imaging modality used for
various deep tissue imaging applications, including prenatal, cardiovascular, and
abdominal tissue and organ imaging. While certain tissues naturally exhibit ultrasound
contrast due to differences in acoustic properties, other body structures are challenging to
image using ultrasound alone. As a result, ultrasound contrast agents were developed over
the past 30 years to highlight certain low contrast structures. Gas microbubbles are the
primary contrast agent used in the ultrasound imaging research field. These microbubbles
can be injected into the bloodstream for substantially improved image contrast of blood
vessels and can even be used to form super-resolved images (i.e., image resolution smaller
than the diffraction limit of ultrasound) of capillaries using advanced image reconstruction
techniques. While microbubble contrast agents are excellent for producing contrast in
vasculature, their size (1-10 pm diameter) and stability in physiological conditions prevents
them from being used for cellular imaging applications. In response to these limitations,
two ultrasound contrast agents have recently emerged that can be utilized to ultrasonically
image cells and tissues due to their size and stability in vivo: gas vesicles and
perfluorocarbon nanodroplets (PFCnDs).

Gas vesicles are gas-filled protein nanostructures that naturally occur in certain
species of cyanobacteria and archaea to provide buoyancy to these microorganisms.
Ultrasound researchers have determined that these gas vesicles provide ultrasound contrast
in liquid and tissue environments. In the past few years, research pioneered by Dr. Mikhail

Shapiro and his team at the California Institute of Technology has enabled mammalian cell



lines to produce gas vesicles themselves by integrating mammalian acoustic reporter genes
(mARG) into the cell genome. These mARGs hold great promise to revolutionize the field
of deep tissue imaging by allowing researchers to differentiate between cell types in vivo,
but significant work must be done to improve the efficiency in which cells express these
gas vesicles to ensure that sufficient ultrasound contrast is produced by these cells.

Perfluorocarbon nanodroplets are in the same family of ultrasound contrast agents
as microbubbles. While microbubbles possess a gas core that slowly diffuses out through
their shell, causing the lifetime of microbubbles to be minutes long when placed in
environments above room temperature, PFCnDs possess a liquid perfluorocarbon core that
remains liquid even at physiological temperatures due to its superheated state. This core is
surrounded by a lipid, protein, or surfactant shell which maintains its stability. While these
liquid-core PFCnDs produce no ultrasound contrast, once they undergo ultrasound
insonation with sufficient intensity, these nanodroplets phase change to gas microbubbles
and provide contrast to their surrounding environment. After phase transitioning to
microbubbles, PFCnDs can recondense back to liquid nanodroplets under the proper
environmental conditions. Because of their improved stability and nanometer-scale size,
PFCnDs could be a useful intracellular contrast agent for ultrasonically identifying
individual cells or sparse subsets of cells. However, using intracellular PFCnDs for
ultrasound imaging has not been widely studied, likely due to issues regarding
biocompatibility and intracellular delivery of the PFCnDs.

The goal of this thesis is to investigate ultrasound contrast agents that can be
generated by cells or delivered intracellularly for localization of a specific cell type or a

particular cell, respectively. It begins by describing improvements made to the recently



developed mARG system that enabled gas vesicle production to occur in mammalian cell
lines. These modifications simplify the process of creating gas vesicle-producing
mammalian cell lines by making the mARG system drug selectable and inherently drug
inducible; we call the new mARG system mARGys for drug selectable. Next, we move
towards utilizing perfluorocarbon nanodroplets for single cell imaging. We first begin by
creating nanodroplets that behave more favorably to biological imaging applications by
exploring the lipid shell parameter space. By altering the ratio of PEGylated and non-
PEGylated lipids contained in the PFCnD lipid shell, we identify a ratio that creates
PFCnDs with brighter B-mode image contrast compared to the other lipid shell
compositions. This lipid shell ratio also poses less risk for inertial cavitation, the rapid and
irreversible bubble collapse that can cause cellular damage. We use these nanodroplets to
demonstrate proof of concept that PFCnDs can be delivered intracellularly using a
precision microinjection technique called patch clamp. Once the cells are injected with
PFCnDs, they can be localized on a coverslip encapsulated in a tissue-mimicking agarose

phantom using ultrasound imaging.

1.1 Aim 1: Refine mammalian acoustic reporter gene (mARG) integration into
human cell lines using drug selection techniques (mMARGgs).

The central hypothesis of this aim is that creating gas vesicle-producing mammalian
cell lines can be simplified by making the mARG constructs drug selectable. We saw gaps
in current mARG constructs and efficiency deficits in mARG expression within human
cell lines and sought to improve upon these genes in two ways. First, we integrated a drug-

inducible promoter directly into the mARG construct for controllable gas vesicle



expression, rather than relying on specially engineered cell lines. Next, we made each
mARG plasmid drug selectable against a unique antibiotic. This resulted in cell lines with
a high proportion of cells generating enough gas vesicles to produce ultrasound contrast
when imaged. We integrated these drug selectable mARG genes, or mARGgs, in HEK293T
cells and demonstrated that the process to generate gas vesicle-expressing human cell lines

was simplified using this new mARGgs system.

1.2 Aim 2: Fabricate and characterize perfluorocarbon nanodroplets designed for
safe, non-destructive biomedical imaging applications.

The central hypothesis to this aim is that modifications can be made to the
perfluorocarbon nanodroplet lipid shell, specifically regarding the ratio of non-PEGylated
to PEGylated lipids, that will influence the nanodroplet behavior during ultrasound
imaging applications. While PFCnDs are a temperature stable alternative to microbubbles,
the energy required to phase transition them from liquid nanodroplets to gas microbubbles
can be substantial and result in damage to surrounding tissues. While it is well documented
in literature that increasing the diameters of the nanodroplets or using different
perfluorocarbon cores with low boiling points (e.g., perfluorobutane (PFB), boiling point
of -2°C) helps reduce the pressure required for PFCnD phase transition, the impact of the
encapsulating shell had not been thoroughly investigated, especially in regard to whether
it influences the pressures required to induce vaporization or inertial cavitation. Therefore,
we designed experiments that parametrically investigated the role of polyethylene glycol
(PEG) and its influence on droplet size, ultrasound contrast, and behavior when

ultrasonically insonated. Our findings revealed that PFCnDs with a 50:50 non-PEG:PEG



lipid shell ratio had the most uniformly sized droplets, produced the strongest ultrasound
contrast, and had the largest pressure differential between pressures required to induce

droplet vaporization and pressures at which inertial cavitation become evident.

1.3  Aim 3: Test feasibility of perfluorocarbon nanodroplet injection in cells via
patch clamp for subsequent ultrasound imaging

The central hypothesis of this aim is that PFCnDs can be injected into cells using
patch clamp, a precision neuroscience technique, in a repeatable manner that later enables
ultrasound localization of that nanodroplet-injected cell. Previous work has demonstrated
that PFCnDs can extravasate from blood vessels into tumors via large endothelial gaps for
subsequent ultrasound imaging and targeted drug delivery. However, no work has been
conducted on whether nanodroplets can be inserted into single cells for visualization of
that cell. Because PFCnDs are a promising contrast agent with super-resolution imaging
capabilities and improved stability in vivo, it is critical to test whether these PFCnDs can
be inserted into single cells and whether those nanodroplets produce sufficient ultrasound
contrast to locate the cell. The work in this aim demonstrates proof of concept that PFCnDs
can be inserted into HEK293T cells using patch clamp microinjection and pressure
modulation. We describe pressure and injection duration trends as well as nanodroplet
distribution throughout the cell. Furthermore, we outline the steps necessary to achieve
PFCnD injection in cells followed by ultrasound imaging in situ by culturing HEK293T
cells on PDMS coverslips, rather than glass, and fixing the cells in place before inserting
in an ultrasound imaging set-up. This aim culminates with the ultrasound localization of a

single cell after the cell received an intracellular injection of PFCnDs via patch clamp, a



feat never before realized. We conclude this aim with future steps for researchers to take
in order to make ultrasonic single cell localization and imaging easier to achieve and

discuss potential biomedical imaging applications.



Chapter 2
ULTRASOUND CONTRAST AGENTS FOR INTRACELLULAR IMAGING

APPLICATIONS

2.1 Ultrasound Imaging

Ultrasound imaging for medical and diagnostic purposes was first created in the
late 1940°s [Y), Since then, ultrasound has been used extensively to image body systems for
a variety of applications, including echocardiography to study blood flow through the heart
and heart valves, tumor detection in soft tissues, and prenatal imaging >4, Ultrasound can
be used to image such a wide variety of body tissues as it is incredibly safe, relying only
on low intensity acoustic waves that can penetrate centimeters deep into body tissue. The
backscattered acoustic waves returning to the ultrasound transducer are detected and
images can be reconstructed in real time with good spatial (~150 micrometer) and temporal
(millisecond) resolution -1, Ultrasound is highly biocompatible and does not rely on
ionizing radiation or harmful contrast agents in the way X-ray, computed tomography
(CT), or positron emission tomography (PET) require. Furthermore, ultrasound can be
made portable, and the equipment required to generate ultrasound images is significantly
less expensive than equipment used for other imaging modalities, such as magnetic
resonance imaging (MRI).

Ultrasound imaging uses sound waves in frequencies above human hearing
capabilities (> 20 kHz) and most imaging ultrasound transducers operate between 2 — 18
MHz. For ultrasound applications requiring higher acoustic intensities, such as thermal
ablation, lower frequencies (< 1.5 MHz) can be used as these are more efficient at

transmitting the higher acoustic pressures into tissue required for such applications.



Piezoelectric transducers are the most common form of ultrasound transducers for medical
imaging and are composed of a series of piezoelectric elements arranged in either a linear
or grid pattern. Each piezoelectric element generates an acoustic wave when electrically
stimulated. Conversely, an acoustic wave can stimulate each piezoelectric element and is
recorded as a voltage. For therapeutic applications such as histotripsy, piezoelectric
transducers can be composed of a single element with a curved aperture, which focuses the
acoustic wave to generate high pressures at the focal point. The high pressure is desired for
certain medical therapies as it can be used to damage and induce necrosis in targeted tissues
without damaging surrounding or overlaying tissue [7l. While piezoelectric transducers are
by far the most common type of ultrasound imaging transducers, capacitive micromachined
ultrasonic transducers (CMUTs) are a newer form of MEMS-based ultrasound transducer
and are excellent at transmitting and receiving in a broader range of ultrasound frequencies,
although they cannot generate ultrasound with pressure amplitudes as high as piezoelectric
transducers 1591,

Brightness-mode ultrasound, known as B-mode, is frequently used for medical
imaging and works using a pulse-echo format, where each element of the transducer
transmits a pulse into tissue and records the echoes reflected from the tissue. A 2-D image
is constructed by summing together these echoes across all elements in the transducer, with
the brightness of the image corresponding to the amplitude of the echo ['%. The intensity
reflection coefficient, a, is the ratio of the intensity of the reflected wave relative to the

transmitted wave. This statement can be represented mathematically as:

@ = &-h) @.1)

(Z2+74)?



Where Z; and Z, are the acoustic impedances of the two media making up the boundary.
The impedance, Z, of a material is defined as:

Z = pc (2.2)
Where p is the density of the material and c is the speed of sound through the material. The
speed of sound through most types of tissue are very similar and is often assumed to be
1540 m/s. As a result, the amount of reflected ultrasound at an interface is proportional to
differences in density between the two media at the boundary!!!l.

While differences in density lead to reflected waves, and thus image contrast, too
drastic of a difference can cause most of the incident waves to be reflected and none
transmitted. This will result in an image with a dark acoustic shadow under a hyperechoic
surface. The large difference in density is the reason why coupling gel must be used
between the transducer and the subject, or the subject must be submerged in an aqueous
environment. It is also the reason why ultrasound is not commonly used to image the brain
(due to the presence of the skull) or lungs (due to the presence of air-filled sacs).

When operating ultrasound transducers to image in vivo, it is important to consider
the mechanical index (MI) of the ultrasound being used as prolonged exposure to
ultrasound at high intensities can cause damage to tissue due to heating or even cavitation
of gas within the body. The Food and Drug Administration (FDA) created this MI index
as a guideline for ultrasound imaging and is based on the pressure and frequency of the

incident ultrasound wave. The MI can be calculated using the following formula:

MI = % (2.3)

Where p is the pressure amplitude of the incident ultrasound in MPa and f is the

ultrasound’s operating frequency in MHz. The MI limit for imaging applications is 1.9,



and while this can be exceeded for specific ultrasound applications such as thermal ablation
of tissue using focused ultrasound, using a MI above 1.9 is not approved for the vast
majority of ultrasound imaging applications. The MI becomes an important consideration

when utilizing ultrasound contrast agents, which will be described in the next sections.

2.2 Ultrasound Contrast Agents

A contrast agent is a substance used to highlight a biological structure that, without
the presence of the contrast agent, would be difficult to image or detect 131, Contrast
agents are widely used throughout various imaging modalities, originating in the early 20
century with radiological contrast agents such as barium sulfate, which can be ingested for
X-ray imaging of the digestive system, or iodine-based contrast agents, which are injected
into the bloodstream for vascular imaging [!*!13], While some define a contrast agent as a
temporary source of contrast, the term contrast agent as used in this thesis includes
genetically encodable proteins that permanently produce contrast to biological material,
such as fluorescent proteins used in optical imaging or, more recently, genetically
encodable gas vesicle proteins for ultrasound imaging.

Broadly speaking, all ultrasound contrast agents consist of two components: a gas
core surrounded by an encapsulating shell made of lipids, proteins, surfactants, and/or
polymers. In the case of perfluorocarbon nanodroplets, the core is in a liquid state until
exposure to an energy source that induces a phase transition of the core from liquid to gas.
The gas is what produces contrast in body structures as gas has a starkly different acoustic
impedance compared to blood and tissue. Certain ultrasound contrast agents can oscillate

nonlinearly under certain imaging conditions, producing harmonics and sub-harmonics of
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the incident ultrasound wave. These nonlinear signals can be isolated from the surrounding,
linearly scattering media using certain imaging techniques, such as pulse inversion, second
harmonic, or amplitude modulation imaging, increasing image contrast further and
providing an accurate representation of the contrast agent location without background
signal interference.

Like most imaging modalities, ultrasound does not rely solely on contrast agents
for creating images of body structures. As described in section 2.1, ultrasound can detect
differences in certain types of tissue due to slight differences in tissue density. However,
the development of contrast agents widely expands use cases for a particular imaging
modality, and ultrasound is no exception. Excitingly, the field of ultrasound contrast agents
is relatively recent, and new contrast agents and use cases for these contrast agents are
growing areas of research. In this section, we will discuss the most widely used ultrasound
contrast agent, gas-filled microbubbles, followed by two newer ultrasound contrast agents

with significant potential: gas vesicles and perfluorocarbon nanodroplets.

2.2.1 Microbubbles as Ultrasound Contrast Agents

With the creation of microbubble contrast agents, ultrasound imaging applications
have expanded significantly in the past few decades 1. The first version of microbubble
contrast agents was described in the seminal paper by Gramiak and Shah, where they
injected saline into patients for echocardiographic imaging; they noted improved image
contrast likely caused by gas bubbles in the saline. Microspheres filled with room air were
the next version of microbubble contrast agents, but they quickly dissolved in blood and

suffered from other stability issues. Coating these microbubbles in lipid or protein shells

11



and replacing air in the microbubble core with heavier gases like sulfur hexafluoride or
perfluorocarbons decreased solubility in blood and improved their circulation lifetime in
Vivo.

Microbubble contrast agents have become a FDA-approved contrast agent [17],
These commercially available microbubble contrast agents contain low boiling point
perfluorocarbon cores (e.g., octafluoropropane, bp = -36.7°C) surrounded by a lipid,
protein, or polymer shell and range in size from 1-10 pm in diameter. Currently, several
brands of microbubble contrast agents are widely used in clinical applications and have

18-211 These microbubbles

demonstrated their safety and efficacy time and time again !
scatter ultrasound both linearly and nonlinearly depending on the acoustic pressures used.
At MI > 0.05, nonlinear ultrasound scattering occurs as the microbubble expands and
contracts at different rates during periods of rarefaction and compression, respectively (Fig.
2.1 a, b) [22. As a result, these microbubbles emit scattering ultrasound at harmonic
frequencies, which nonlinear imaging techniques like pulse inversion, second harmonic,
and amplitude modulation imaging, can detect and isolate to improve resolution and
contrast with reduced tissue background signal [-23-24],

At pressures exceeding MI > 1, microbubbles undergo a phenomenon called inertial
cavitation (IC), which is the rapid and irreversible collapse of the bubble (Fig. 2.1 ¢). In
many instances, IC can be a desirable effect. For example, if a drug is loaded or attached
to the microbubble, the IC can create localized disruptions to cell and tissue membranes
and enable drug uptake through the newly formed pores. This can be especially useful in

transporting drugs through difficult to penetrate barriers, like the blood brain barrier.

Microbubble IC can also be used for improving the efficacy of tissue histotripsy as the
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cavitation increases the proportion of cells that are damaged during the process. However,
if cellular/tissue structure disruption or destruction is not desirable, preventing IC from

occurring is critical, and safety considerations must be factored in when using these

microbubbles.
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Figure 2.1. Microbubble dynamics under ultrasound insonation. a. Incident acoustic
waves are mechanical forces with periods of compression and rarefaction, which influence
microbubble behavior. b. At low mechanical indices (MI < 1.0) microbubbles will grow
and oscillate in response to these changes in pressure. ¢. At high pressures (MI > 1.0)

microbubbles can undergo inertial cavitation, or the rapid and irreversible bubble collapse.
Adapted from Fig. 1 of Ref. 22.
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Microbubble contrast agents can be used in several applications. Super-resolution
ultrasound imaging of microvasculature in deep tissue structures including the brain,
muscles, and kidneys, can be achieved using microbubbles [23-281, By tracking microbubbles
as flowing particles in a blood vessel, the precise location of each microbubble, which
appears in the B-mode ultrasound image as a point spread function, can be identified; over
time, an image is reconstructed as a map of all these microbubble locations. Clinically,
microbubbles are useful for locating tumors in low contrast tissue due to the
neovascularization phenomenon of tumors in which they rapidly recruit small microvessels
to form around the tissue. Microbubbles can be functionalized with materials to target
tumor angiogenesis growth factors to highlight the presence of the tumor [2°-31],
Microbubbles can also be utilized for ultrasound-mediated drug delivery to blood clots and
endothelial cells or for histotripsy, the non-thermal ablation of targeted tissues by focusing
high pressure, short duration ultrasound pulses at tissues containing these microbubbles
and inducing inertial cavitation of the microbubbles 32-34],

While there are many uses for microbubble contrast agents, there are limitations to
how researchers and clinicians can implement these microbubbles. For one, their micron-
scale diameter limits them to the bloodstream and they cannot extravasate into tissue via
inter-endothelial gaps in blood vessels, which are typically <2 pm [333¢], Microbubbles are
also unstable, only lasting minutes in the body before dissolution even with improved shell
and core compositions P71, As a result, microbubbles cannot be used to directly image cells
or tissues as they are too large and too unstable to enter cells and remain there for durations

longer than several minutes. Therefore, as researchers seek to expand the use cases of
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ultrasound contrast agent imaging towards cell and tissue imaging applications, alternative

contrast agents must be utilized.

2.2.2  Gas Vesicle Ultrasound Contrast Agents

An alternative ultrasound contrast agent to microbubbles has recently emerged as a
potential candidate for intracellular ultrasound imaging applications in a variety of body
systems. Gas vesicles are gas-filled protein nanocapsules naturally found in certain types
of cyanobacteria and archaea [**1. Gas vesicles are created by these organisms to provide
buoyance in aqueous environments. Within the past decade, Mikhail Shapiro has
demonstrated their usefulness as ultrasound contrast agents in a variety of cells. Initially,
E.coli was genetically engineered to generate gas vesicles and transplanted in mice to
image the cells in vivo 3%, More recently, Shapiro’s lab has developed a set of mammalian
acoustic reporter genes (mARGs) that, in select mammalian cell lines (HEK293T, CHO-
K1, and MDA-MB-231), induce gas vesicle expression without hindering cell health and
development [40-421. These gas vesicles are imaged by capturing ultrasound B-mode images
of the gas vesicle-expressing cells, then transmitting ultrasound waves with sufficient
intensity to collapse the gas vesicles (> 1 MPa). The collapse of gas vesicles causes a
reduction in ultrasound contrast (Fig. 2.2). The cells and tissues containing these gas
vesicles can be identified through differential image analysis. These gas vesicles can also

be imaged using nonlinear ultrasound techniques, such as amplitude modulation [43-43],
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Figure 2.2: Gas vesicle dynamics within mammalian cells. When the mammalian
acoustic reporter genes (mARGs) are expressed, the cell generates gas vesicles.
Incident ultrasound with sufficient intensities can cause the gas vesicles to collapse,
leading to a loss in signal. This collapse can be captured using either non-linear imaging
techniques or by simple differential imaging. Adapted from Fig. 3 of Ref. 41.

These genes were given the name “acoustic reporter” as they highlight genetic
activity within cells in a way that is ultrasonically detectable. mARGs act as an acoustic
analog to fluorescent reporter genes like green fluorescent protein (GFP), which can be
incorporated into plasmids and other non-host DNA sequences so that, after transferring
the DNA into a cell, the cell expresses GFP along with the rest of the new gene sequences
[46], GFP and other fluorescent reporter genes have become indispensable for a variety of
biological applications, but is limited in scope due to light scattering in tissue;
fluorescently-tagged cells can only be detected in superficial tissue layers (< 2 mm depth)
in vivo 1, With mARGs, the tissue penetration is substantially improved, enabling
ultrasonic detection of gas vesicle expression centimeters deep into tissue. Furthermore,

since the gas vesicles are re-expressed every three days after collapse of the initial gas
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vesicles, mARGs can be used for long-term imaging studies, enabling study of cellular
function in deep tissue structures within intact organisms 41481,

Currently, gas vesicle expression in mammalian cells using mARGs has only been
demonstrated in certain mammalian cell strains and requires a Tet-ON promoter present in
the cell line for drug-inducible (doxycycline) gas vesicle expression. Moreover, identifying
cells that properly integrated the multiple plasmids required for mammalian gas vesicle
expression requires significant efforts, including single cell cloning and fluorescent
activated cell sorting (FACS). Modifications should be made to the generation and isolation
of gas vesicle-expressing cells to improve the ratio of cells successfully expressing gas
vesicles and simplify the process in which these cell lines are generated. Furthermore,
implementing gas vesicle expression in other cell lines, such as stem cells, could prove

extremely useful for monitoring the success of stem cell therapies and locating transplanted

cells in vivo.

2.2.3  Perfluorocarbon Nanodroplets Ultrasound Contrast Agents

Perfluorocarbon nanodroplets (PFCnDs) are a similar ultrasound contrast agent to
gas microbubbles. PFCnDs are composed of similar materials to microbubbles, a lipid,
protein, or surfactant shell and perfluorocarbon core, but the core is liquid at room
temperature, either because the perfluorocarbon has a high bulk vaporization temperature,

[49,50

or because the nanodroplets are in a superheated state 1. After exposure to an ultrasound

pulse with sufficient intensity, these nanodroplets phase transition into gas microbubbles
and can be ultrasonically imaged using nonlinear imaging techniques for improved contrast

51-53

in the liquid or tissue environment (Fig. 2.3 a) B!-3], Once in a gas microbubble state, the
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contrast agent can either remain as a microbubble for eventual dissolution into the
surrounding environment or eliminated from the bloodstream, undergo inertial cavitation
(Fig. 2.3 b), or recondense back into a liquid PFCnD under certain conditions, enabling
repeatable ultrasound imaging of the same region.

Due to their small size, which can range from 100-500 nm in diameter, PFCnDs
can extravasate into tumors via leaky vasculature, making them attractive candidates for
targeted drug delivery and payload release °43¢], Nanodroplets are also far more stable than
microbubbles, lasting days in vivo as opposed to minutes. Additionally, PFCnDs can

recondense after phase-transitioning back into a liquid nanodroplet, meaning they can be
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Figure 2.3 Perfluorocarbon nanodroplet dynamics. a. At lower insonation pressures,
PFCnDs undergo acoustic droplet vaporization (ADV), phase transitioning from liquid
nanodroplets to gas microbubbles. These phase transitioned droplets can remain as stable
microbubbles or recondense back to PFCnDs under certain conditions. b. If insonating
pressures are sufficiently high, rapid and irreversible bubble collapse can occur, also
known as inertial cavitation (IC).
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repeatedly imaged for long time durations (hours to several days) in the same object. This
leads to PFCnDs being a potential contrast agent candidate to create an ultrasound analog
to photoactivated localization microscopy (PALM) or stochastic optical recondensation
microscopy (STORM). PALM and STORM are optical imaging techniques used to achieve
single nanometer resolution in fluorescent images, overcoming the diffraction-limited
resolution of optical imaging 781, These super-resolution imaging techniques rely on
fluorophores that stochastically excite and quench, which enables researchers to precisely
pinpoint the location of each fluorophore so long as there is sufficient distance separating
each fluorophore (> A/2). Researchers then compile all recorded locations of each
fluorophore, creating a pointillism-like image. PALM and STORM created super-resolved
images with nanometer scale resolution, two orders of magnitude better than conventional
fluorescent microscopy. Due to the stochastic phase-change behavior of PFCnDs and their
ability to recondense, PFCnDs can behave like these PALM and STORM fluorophores and
be used to create super-resolution images of cells, vasculature, and other body systems.
Already, researchers are using these PFCnDs for super-resolution imaging in vitro and in
vivo, and other researchers have determined that sub-micron ultrasound image resolution
is feasible using contrast agents and ultrafast ultrasound localization microscopy (uULM)

[59-61]

While PFCnDs improve upon microbubbles in terms of duration and stability at
physiological temperatures and smaller size, there are a couple of major drawbacks that
have prevented PFCnDs from greater widespread use. The pressure required to phase
transition the PFCnDs from liquid droplets to gas microbubbles can exceed the MI limit

outlined by the FDA for safe operation of ultrasound for biomedical imaging applications.
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Furthermore, the pressure used to induce ADV can also cause some of the PFCnDs to
undergo IC, inadvertently causing damage to the surrounding environment. As a result,
precise control over the vaporization and cavitation conditions is crucial for certain

biological and in vivo applications of PFCnDs.

23 Patch Clamp for Small Molecule Delivery into Single Cells

Patch clamp is a single cell electrophysiology technique used to measure cell
activity in vitro and in vivo, particularly in neural cells, by measuring ion flow across
membrane channels. A borosilicate micropipette with a 1 um tip is filled with an internal
solution with ion composition similar to that of a cell. This patch pipette is loaded onto a
micro-positioner which precisely controls the movement of the pipette. A glass coverslip
or tissue sample is placed in a sample holder under a microscope, and once a cell of interest
is located, the tip of the patch pipette is lowered to that region. To achieve a whole-cell
recording of the cell activity, the patch pipette applies gentle suction as it touches the top
of the cell membrane, forming a gigaseal, or a tight seal with G resistance. Once this
gigaseal is achieved, short but powerful bursts of suction are applied to the pipette tip to
rupture the cell membrane, allowing the internal solution of the pipette to mix with the
intracellular components of the patched cell 62, In this configuration, electrochemical

activity of the cell can be recorded by the patch pipette (Fig. 2.4).
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Figure 2.4: Whole cell patch clamp configuration. After the pipette is tightly sealed
onto the cell of interest (left panel), brief but powerful periods of suction cause cell
membrane rupture, enabling the pipette internal solution to interact with the intracellular
components of the cell (right panel). Electrochemical activity of the whole cell activity
is recorded in this configuration. In addition, small molecules (e.g., fluorescent dye,
plasmids) contained within the patch pipette can diffuse down the concentration gradient
into the cell for localization and morphology imaging optically after patch clamp
experiments are complete. Figure reproduced with modifications from Ref. 62.

When patch clamping, whether in the whole cell configuration or by employing
electroporation, dye and small molecules can enter the cell to locate that cell at later time
points. These molecules are typically nanometer scale and can be either fluorescent stains
like tdTomato or Alexa Fluor 488, or can be plasmids that cause the cell to express a
genetically encoded fluorescent marker like GFP. These molecules are small enough to
naturally diffuse into the cell due to the concentration gradient from the patch pipette to
the cell. It has yet to be demonstrated whether patch clamp can be used to transport larger
(>100 nm) structures like PFCnDs into cells, and what conditions are required to achieve

this.
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Chapter 3
A DRUG-MEDIATED ACOUSTIC REPORTER GENE SYSTEM FOR HUMAN
CELL ULTRASOUND IMAGING
This chapter is in large part a reformatted version of the manuscript entitled “A drug-
selectable acoustic reporter gene system for human cell ultrasound imaging” by Welch,
P.J., Howells, A. R., Kim, J., Forest, C. R., Shi, C., and Lian, X. L. This paper was

submitted for publication in Bioengineering and Translational Medicine in January 2023.

3.1 Acoustic Reporter Genes
3.1.1 Abstract

A promising new field of genetically encoded ultrasound contrast agents in the form
of gas vesicles has recently emerged, which could extend the specificity of medical
ultrasound imaging. However, given the delicate genetic nature of how these genes are
integrated and expressed, current methods of producing gas vesicle-expressing mammalian
cell lines requires significant cell processing to establish a clonal/polyclonal line that
robustly expresses the gas vesicles sufficiently enough for ultrasound contrast. Here, we
describe an inducible and drug-selectable acoustic reporter gene construct that can enable
gas vesicle expression in mammalian cell lines, which we demonstrate using human
HEK293T cells. Our drug-selectable construct design increases the stability and proportion
of cells that successfully integrate all plasmids into their genome, thus reducing the amount
of cell processing required. Additionally, we demonstrate that our drug-selectable strategy
forgoes the need for single cell cloning or fluorescence-activated cell sorting, and that a

drug selected mixed population is sufficient to generate robust ultrasound contrast.
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Successful gas vesicle expression was optically and ultrasonically verified, with cells
expressing gas vesicles exhibiting an 80% greater signal to noise ratio compared to
negative controls and a 500% greater signal to noise ratio compared to wild type HEK293T
cells. This technology presents a new reporter gene paradigm by which ultrasound can be
harnessed to visualize specific cell types in vitro for applications including cellular

reporting and cell therapies.

3.1.2  Introduction

The use of reporter genes to identify certain cell populations has become a
ubiquitous laboratory technique, spanning many aspects of biological sciences. The most
common demonstration of reporter genes in biological sciences are fluorescent proteins,
which can be integrated into the cell for endogenous fluorescence labeling [¢3-61, Hundreds
of fluorophores that span nearly the entire visible spectrum have been discovered and

67.681  However, due to the

optimized to fluoresce in response to photon absorption |
scattering nature of tissue in the visible electromagnetic spectrum, imaging such
fluorescent reporters in vivo is limited to several millimeters of depth in tissue or requires

[69.701 * Alternatively, researchers utilize histology for observing

transparent animal models
tissue composition throughout the entire region of interest, but this requires animal
euthanasia for tissue sectioning or biopsy, thus eliminating the opportunity for long-term
in vivo monitoring of cell populations within the same animal ["1-72],

Noninvasive imaging techniques, such as ultrasound, magnetic resonance imaging

(MRI), and positron emission tomography (PET), exist in healthcare as tools to image

tissue structures in vivo for clinical diagnostics [”31. Notably, ultrasound is a useful imaging
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modality for various applications as it does not require any harmful ionizing radiation and
can be achieved using relatively inexpensive and transportable equipment [7477],
Ultrasound contrast agents can be used, such as the Food and Drug Administration-
approved lipid or protein-shelled microbubbles, to improve the contrast of in vivo
ultrasound imaging 132>78791 Newer ultrasound contrast agents, including nanobubbles
and perfluorocarbon nanodroplets, are also being investigated for a variety of biomedical
applications, including tumor extravasation and targeted drug delivery 54+3380-85] However,
these newer nanodroplet and nanobubble contrast agents are still limited in their use cases
as they function quite similarly to microbubbles, have limited stability in vivo, are not
genetically encodable, and cannot currently be used to image precise locations of cells in
deep tissue due to the small quantity of droplets that are taken up by cells 5486871 Tdeally,
an ultrasound contrast agent would be developed that could be genetically encoded into
cells and used as an acoustic analog to fluorescent reporter genes.

Work in the field of genetically-encodable ultrasound contrast agents has turned to
gas vesicles (GVs), which many bacteria and archaea express to make these organisms
buoyant in aqueous environments B8, These nanoscale GVs are comprised of gas vesicle
proteins (Gvps), which self-assemble to form a gas-filled space within the cytoplasm.
Initially, GVs isolated from bacteria were shown to be a useful ultrasound contrast agent,
both in vitro and in vivo, by using ultrasound pulses with sufficient pressure to induce gas
vesicle collapse, causing a sudden loss in ultrasound contrast in the targeted region, or by
using unique ultrasound wave patterns to isolate the nonlinear scattering of the gas vesicles
from the surrounding environment B3%43-43381 More recently, genes encoding a specific

combination of Gvps have been successfully expressed within mammalian cell lines and
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form GVs, termed mammalian acoustic reporter genes (mARG) !, These mARGs
integrate into the mammalian cell genome, and after 3 days of induced expression, the GVs
generated by the cell provide ultrasound contrast sufficient to serve as a reporter of these
cells. Furthermore, these cells can re-express the gas vesicles several days post-collapse
[41]

Nevertheless, numerous challenges arise when developing mARGs. For one,
finding a plasmid construct that generates appropriate stochiometric amounts of each
individual Gvp necessary for robust GV assembly in mammalian cells proves to be
challenging. Isolating the cells that have been properly transfected via random transposase
integration requires single cell cloning or fluorescently activated cell sorting (FACS), a
costly, inefficient, and time-consuming process. Lastly, current mARG constructs only
enable inducible GV expression in Tet-On cell lines, limiting the application of this
technology to engineered cells !, In order for the field of gas vesicle-aided ultrasound
imaging to continue, it is crucial to create a universal mARG construct that is easy to
integrate in a wide variety of cell types.

Here, we present our mammalian acoustic reporter gene construct that aims to
improve accessibility and efficiency of this technology. We address accessibility by
incorporating the doxycycline-inducible Tet-On 3G promoter into our design construct,
thus enabling application of the doxycycline-inducible mARG technology into any cell line
rather than only Tet-On cell lines. To address the efficiency bottleneck caused by single
cell cloning and FACS, we opt to use a drug selectable strategy with several common

antibiotics. We call this gene construct mARGyqs for drug-selectable mammalian acoustic
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reporter genes. We demonstrate the utility of our new mARGyqs construct design within

HEK293T cells by optically and ultrasonically validating gas vesicle expression.

3.2 Materials and Methods
3.2.1 Maintenance of HEK293T Cells

HEK?293T cells were cultured in DMEM + 10% FBS (ThermoFisher) on uncoated
Corning Falcon 6 well plates (Corning Inc). Complete media changes were performed daily
by prewarming the DMEM + 10% FBS to 37°C prior to aspirating and replacing old media.
Passages were conducted when cells reached about 80% confluency by suspending the
cells using 0.25% Trypsin-EDTA (ThermoFisher), centrifuging for 4 minutes at 1000 rpm,
and sparsely replating in fresh media. Clonal stocks were frozen in DMEM + 10% DMSO

+ 10% FBS.

3.2.2 Drug selectable mARG plasmid cloning

DNA fragments of mARGI1-1, mARGI- 2, and mARGI1-3 (Addgene # 134343,
134344, 134345, respectively) were amplified using primers obtained from the In-Fusion
Cloning Primer Design Tool (Takara Bio USA) and Q5 High-Fidelity DNA polymerase
(New England Biolabs) according to the manufacturer’s instructions. These PCR
fragments were then cloned into the drug selectable XLone-GFP (Addgene #96930),
XLone-Puro eGFP (Addgene #140027), and PB-UbC-GCaMP6f-polyA-PGK-Neo
(Addgene #160049) plasmid backbones, respectively, using the In-Fusion® HD Cloning
Kit (Takara Bio USA, Inc.), according to the manufacturer’s protocol. Each newly cloned

mARG plasmid cassette now possesses its own unique drug resistant gene, XLone-
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mARG1-Bsd-mCherry (Blasticidin selectable, mCherry reporter), XLone-mARG2-puro-
GFP (Puromycin selectable, GFP reporter), and PB-UBC-mARG3-neo (Geneticin
selectable) (Addgene #s 173798, 173792, and 173793, respectively), hence the ds subscript

on our mARGg;s cassettes (Fig. 3.1 a).

3.2.3 Development of drug selectable mARG HEK293T clonal lines

After plasmid cloning, these 3 new plasmids were transfected into HEK293T cells
via lipofection with TransIT-LT1 Transfection Reagent (Mirus Bio) at a 2.5:1 molar ratio
with the EF1a-hyPBase transposase plasmid, according to manufacturer’s instructions. At
this point, the HEK293T cells were cultured in DMEM supplemented with Tetracycline
system-approved FBS to prevent premature expression of the GV producing plasmids.
Cells were then single cell cloned by sparsely passaging onto a 10 cm petri dish. Clones
were manually picked and expanded. Clonal lines were analyzed using fluorescent
microscopy/flow cytometry for mCherry and GFP expression after 72-hour treatment with
5 ug/mL doxycycline, 5 mM sodium butyrate, 200 ug/mL Geneticin (G418), 10 ug/mL

blasticidin (Bsd), and 1 ug/mL puromycin (Puro).

3.2.4 Flow Cytometry

After 72-hour treatment with 5 ug/mL doxycycline, sodium butyrate, and drug
selection media, cells were resuspended using the resuspension media described above.
Negative controls did not receive doxycycline treatment. After centrifugation, cell pellets
were resuspended in 800 uL. of PBS + 0.5% BSA and pipetted into a cytometer flow tube.

Flow for mCherry and GFP expression were performed using a BD Accuri C6 Plus flow
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cytometer (BD), using the PerPC-A and FITC-A channels, respectively. Raw data was then

processed using the Flowjo software (Fig. 3.1 b).
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Fig. 3.1. Design of mARGqgs HEK293T clones. a. Schematic of the transposase
integrating mARGys construct designs. From left to right, the XLone-mARG] cassette
possesses the Blasticidin resistant gene and the Tet-On 3G system downstream of the
constitutive EF-1a promoter, and the mARG GvpB gene and mCherry downstream of
the Dox inducible TRE3GS promoter. The XLone-mARG2 cassette possesses the
Puromycin resistant gene and the Tet-On 3G system downstream of the constitutive EF-
la promoter, and the mARG GvpF, GvpG, GvpL, GvpS, GvpK, Gvpl, GvpU genes
(separated by P2A) and GFP downstream of the Dox inducible TRE3GS promoter.
Finally, PB-UbC-mARG3 cassette possesses the mARG GvpF, GvpG, GvpL, and
GvpK genes downstream of the constitutive hUbC promoter and Geneticin resistant
gene downstream of the constitutive PGK promoter. b. Flow cytometry of mARGgs
HEK clonal lines against GFP (XLone-mARG2) and mCherry (XLone-mARG1).
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3.2.5 Ultrasound Imaging and Data Analysis

On the day of experiments, cells were trypsinized, counted using a hemocytometer,
and suspended in liquid, low-gelling temperature agarose (1%, ThermoFisher) at a
concentration of approximately 20 million cells/mL. This agarose-cell suspension was
loaded into sample holders comprised of a thin-walled plastic tube attached to a 1 mL
syringe, which could then be tethered to a 3D printed syringe holder. This created a circular
cross-section of cells that was easy to focus the ultrasound transducers on and localize any
gas vesicle collapse during experiments. These cell samples were lowered into a 37°C
heated water bath filled with degassed, deionized water. A single-element focused
ultrasound transducer operating at 1.05 MHz (H-101, SonicConcepts) was fitted with a
coupling cone backfilled with degassed, deionized water and focused such that the tip of
the coupling cone (the focal spot of the ultrasound transducer) was aligned with the cell
sample holder. This transducer sent short 10-cycle bursts of focused ultrasound with
pressures ranging from 2-4 MPa peak-negative pressure. These pressures are sufficiently
high to guarantee gas vesicle collapse in the cells. Lower pressures may be used as
described in previous literature 31, Orthogonal to the cell sample holder was an L22-8v
CMUT linear array transducer (Kolo Medical) used to capture images of the cells and any
gas vesicle collapse. This multiplexing transducer operated at its center frequency of
15.625 MHz and operated at ~300 frames per second. RF data from the linear array
transducer was collected using a Vantage 256 ultrasound imaging system (Verasonics) and
reconstructed later as B-mode images for analysis. The linear-array transducer and single-
element transducer were synchronized such that the single-element transducer transmitted

starting on specific frames numbers so that it was easy to later identify when the gas vesicle

29



collapse occurred. 25 pre-collapse frames and 100 post-collapse frames were captured per

10-cycle burst sine wave event (Fig. 3.2).
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Figure 3.2. Experimental set-up for ultrasound imaging of mARGgs-expressing
cells. HEK293T cells containing the mARGyqs sequence were suspended in 1% agarose
gel at a concentration of 20 million cells/mL (~3 million cells/sample) and loaded into
a plastic sample holder back-filled with 1% agarose gel (left). Once the agarose gel
solidified, the sample was placed in a water bath positioned in front of a focused single
element transducer (H101, SonicConcepts) which would send short, high intensity
ultrasound pulses to collapse gas vesicles within the cells. Orthogonal to this set-up is
an ultrasound imaging transducer (L22-8v) synchronized with the single element
transducer and continuously capturing images of the gas vesicles in order to detect when
gas vesicles collapse (top right). B-mode ultrasound images of cells appeared as a
speckled circular structure as seen in the dashed white circle (bottom right). Differential
images of this region were captured to measure gas vesicle collapse.
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Gas vesicle collapse was quantified by calculating the signal to noise ratio of the
cells compared to the background noise surrounding the sample in B-mode ultrasound
images. Differential B-mode images were created by subtracting post-collapse ultrasound
frames from previous frames. A custom MATLAB script (MathWorks) was created that
calculated the signal within the circular confines of the agarose sample holder and
compared it to the noise of the surrounding environment in the water bath. A circular region
of interest (ROI) was drawn over the sample holder and the signal was calculated by
summing and averaging all of the pixel intensities within that circular ROI. For the noise,
a circular ROI was created adjacent to the sample holder and the averaged sum of that
region’s pixel intensities constituted the noise value. The formula used to calculate the

signal to noise ratio (SNR) is:

SNR (dB) = 20 * log (%) 3.1)
where

Psignal = 7 S4t1 Y01 AZignar (i) (3.2)
and

Proise = 7~ 2ts Xy Aoise (00)) (3.3)

These SNR values were used to determine sufficient ultrasound contrast produced by the
collapsing gas vesicles compared to negative controls. Box plots and statistical analysis
were conducted in R Studio. One-way ANOVA and Tukey’s t-test were used to determine

statistical significance in variance between cell groups.
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3.2.6 Phase Contrast and Fluorescence Imaging

Optical images were captured using Zeiss Laser Scanning Microscopes (700 and
900 Confocal, Zeiss) in the Optical Microscope Core in the Georgia Institute of
Technology. HEK293T mARGgs cells were cultured on glass-bottomed petri dishes and
treated with doxycycline for at least 24 hours before imaging occurred. To capture images
of the gas vesicles, the microscope was configured to capture phase contrast images at 40x
magnification. Fluorescent images were captured using 488 nm and 555 nm lasers to excite

GFP and mCherry, respectively.

3.3  Results
3.3.1 Drug selectable mARG design (mARG.as)

We set out to induce gas vesicle expression in human cells in a manner similar to
the work of the Shapiro group *!, but with two key distinctions. First, while Shapiro’s
group utilized cell lines that constitutively expressed the Tet-On 3G system, we make the
mARG gene constructs generalizable and implementable in any mammalian cell line. This
will enable doxycycline-inducible gas vesicle expression in any host mammalian cells
rather than requiring engineered cell lines. For the second modification, we noted in our
first attempt to replicate Shapiro’s work that gas vesicle formation was very low in our
HEK?293T clonal lines as no ultrasound signal was generated !l. To address this issue,
streamline the workflow, and increase the efficiency upon which we develop robust
mARG-expressing clonal HEK lines, we made each of the three mARG cassettes drug

selectable against its own unique antibiotic (Fig. 3.1 a).
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3.3.2  Development of mARG.s HEK293T clonal lines

We transposase integrated the new mARGgs plasmids into wild type HEK293T
cells. We gradually increased the G418, BSD, and Puro culture concentrations to a
concentration of 200 pg/mL, 20 pg/mL, and 2 pg/mL, respectively. This mARGgs
HEK293T population was then single cell plated and 11 clonal lines were picked and
expanded. These 11 clonal lines were first treated with 5 pg/mL Dox and 5 mM sodium
butyrate (to prevent epigenetic silencing) for 72 hours in the presence of the 3-antibiotic
cocktail and assessed for GFP and mCherry expression via flow cytometry (PB-UbC-
mARG3 cassette does not possess a reporter fluorophore). Based on this, five clones (Fig.
3.1 b) yielded the highest double positivity and were the focus of further characterization.
These clones were expanded in 6-well plates until 90-100% confluent and integrated into
ultrasound experiments after doxycycline and sodium butyrate treatment for 72 hours (Fig

3.3 a).
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Figure 3.3. Single cell mARGq4s HEK293T cells express gas vesicles and produce
ultrasound contrast. a. Process flow for generating gas vesicle-producing single-cell
clone HEK293T cell lines. b. Clone 6 HEK293T mARGgs gene expression validated
by fluorescence microscopy. Scale bar = 10 um. ¢. Ultrasound contrast is produced by
doxycycline-treated HEK293T mARGgs single cell clones after 3 days of treatment (left
panel) whereas cells not treated with doxycycline produce no ultrasound contrast (right
panel). d. Signal to noise ratio of ultrasound imaging is significantly stronger in
doxycycline-treated cells compared to non-doxycycline treated cells and non-mARGys
cells, indicative of gas vesicle production (n = 6). e. Phase contrast image of HEK293T
mARGg;s cells after three days of doxycycline treatment with small puncta spread
throughout the cell (white arrows), indicative of gas vesicle presence. f. Phase contrast
image of HEK293T mARGgs cells undergoing no doxycycline treatment. Scale bar =
10 pm.
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Using fluorescence microscopy, we noted that clone 6 produced a high percentage
of double positive fluorescent cells (Fig. 3.3 b). This clonal line also yielded strong
ultrasound contrast in the B mode imaging based on measuring the SNR of the cell sample
compared to the background noise and control groups, which included clone 6 cells
cultured without doxycycline and sodium butyrate and unmodified HEK293T cell lines
(Figs. 3.3 ¢, d). The average SNR from doxycycline-treated cells was 21.75 dB (125%
greater than non-doxycycline treated mARGq¢s HEK293T cells) with peak values reaching
38.2 dB. Additionally, clusters of gas vesicles were observed in the doxycycline treated
cells under phase contrast microscopy, whereas none were observed in the non-
doxycycline treated mARGgs cells (Figs. 3.3 e, f). These results are very promising as now
gas vesicle expression can likely be induced using doxycycline in numerous other
mammalian cell lines, regardless of whether the cells themselves possess the Tet-On 3G

system.

3.3.3 Development of mARG.s HEK293T mixed population cell lines

Next, we decided to determine if our drug selectable strategy alone was sufficient
to generate a robust enough mARGgs mixed cell population that wouldn’t require single
cell cloning, thus further streamlining the workflow (Fig. 3.4 a). We took our drug selected
mARGgs mixed population that we harvested before single cell cloning above and treated
them with 5 pg/mL doxycycline and 5 mM sodium butyrate for 72 hours to induce gas
vesicle expression. We found that only this single drug selection step was necessary to
obtain a mixed population of cells with sufficient quantities of gas vesicle-producing cells

to provide ultrasound contrast. Cells were optically validated for the expression of the
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mARGyqs genes after just 24 hours of doxycycline treatment (Fig. 3.4 b). When
ultrasonically imaged after 72 hours of treatment, the doxycycline treated cells exhibited
significantly stronger ultrasound contrast than non-doxycycline treated mARGgs cells as
evidenced by SNR calculations (Fig. 3.4 ¢, d). The average SNR of the doxycycline-treated
cells was 18.5 dB, 80% greater than the SNR of non-doxycycline treated cells and 500%
stronger than the wild type HEK293T cells. Additionally, gas vesicle expression was
optically observed using phase contrast imaging after 24 hours of doxycycline treatment
(Fig. 3.4 e). Interestingly, the ultrasound contrast of non-doxycycline treated mARGus
mixed population cells was higher than that of non-mARGgs wild type HEK293T cells, and
trace gas vesicles were observed in optical images of the mARGg;s cells that were not treated
with doxycycline (Fig. 3.4 f). Potential explanations as to why gas vesicles were present in
these cells could be caused by leaky expression of the Gvps even when cultured in Tet-
approved media. Regardless, this trace GV expression still resulted in a significantly lower
SNR than that from the doxycycline-treated mARGgs cells. Based on these results, our drug
selectable strategy is indeed sufficient to generate a mixed population cell line that can

robustly express mARGgs, eliminating the need for FACS or single cell cloning.
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Figure 3.4. Mixed population HEK293T mARGys cells produce sufficient
ultrasound contrast after several days of antibiotic selection and doxycycline
treatment. a. Process flow for generating gas vesicle-producing mixed population
HEK293T cells. b. antibiotic selected and doxycycline-treated HEK293T mARGy;s
mixed population cells properly integrated the mARGqgs genes. Scale bar = 10 pm. e¢.
Doxycycline-treated HEK293T mARGgs mixed population cells produce stronger
ultrasound contrast (left panel) compared to non-doxycycline treated mARGgs mixed
population cells. d. mARGgs mixed population HEK293T cells exhibit a stronger signal
to noise (SNR) ratio after 3 days of doxycycline treatment compared to non-doxycycline
treated mARGgs cells and non-mARG cells (n = 7). e. Phase contrast image of HEK293T
mARGy; cells after 24 hours of doxycycline treatment with small puncta spread
throughout the cell (white arrows), indicative of gas vesicle presence. f. Phase contrast
image of HEK293T mARGgs cells undergoing no doxycycline treatment. Small puncta
are still present (white arrows), though in much smaller quantities than doxycycline-
treated cells. Scale bar = 10 um.
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3.4  Discussion

Here we demonstrate expression of drug-selectable mARGs, labeled mARGgs,
within HEK293T cells. Our strategy incorporates the Tet-On 3G system, enabling
doxycycline-inducible expression of the mARGys into any wild type mammalian cell line.
As the mARG design stands from the Shapiro group, drug-inducible mARG integration
into mammalian cells is relegated to cell lines that already have the Tet-On 3G system
integrated into their genome. Our strategy broadens its application potential without the
need to genetically integrate the Tet-ON 3G system prior. Additionally, our mARGgs
construct design incorporates unique drug resistant genes downstream of each of the three
mARG cassettes. By culturing these cells in the antibiotic cocktail, it enables us to purify
cells that have successfully integrated all 3 mARGgs cassettes, forgoing the need for FACS
or single cell cloning.

The mARGys system builds upon the work established by Mikhail Shapiro’s group
which created the original mARG gene constructs !, Their findings demonstrated
successful integration of gas vesicle protein genes derived from bacterial strains into
mammalian cells, specifically HEK293T and Chinese hamster ovary cells (CHO-K1).
They also created mammalian cell lines with doxycycline-inducible gas vesicle expression
by using transformed cell lines, specifically HEK293 Tet-On 3G cells, which are
engineered to express the tetracycline-regulated transactivator Tet-On 3G. However,
generating these cells had notably low throughput, requiring the use of FACS and single-
cell cloning to identify triple-positive fluorescent cells and determine which of those
generated gas vesicles after doxycycline treatment. To improve throughput without relying

on various cell separating techniques, we made each of the three mARG plasmids drug
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selectable against a unique antibiotic. Additionally, we directly integrated the Tet-On 3G
promoter into the mARG construct, meaning doxycycline-induced gas vesicle expression
could be achieved in wild type cells. We elected to integrate these mARGgs plasmids in
HEK293T cells as HEK293T cells are frequently used in cell engineering applications.
Due to the delicate nature of how each Gvp must be expressed in a narrow
stoichiometric ratio for them to self-assemble together to correctly form the GVs, the
efficiency at which you can generate a mARG clonal lines that robustly expresses many
GVs is extremely low. Based on Farhadi et al., 6/30 HEK clonal lines generated greater
than 1 GV per cell, and as reported, 1 of these 30 clonal lines generated about 45 GV per
cell ', Every nuanced attempt at further increasing the efficiency by which researchers can
generate these cells that have integrated all 3 mARG constructs is essential for furthering

the application of mARGs.

3.5  Conclusions

We developed a new series of mammalian acoustic reporter genes plasmids that are
drug selectable to improve the success rate of gas vesicle expression in mammalian cell
lines. These mARGyqs plasmids also have the Tet-On system integrated in the plasmid
backbone, which means doxycycline-inducible gas vesicle expression can be implemented
in wild type (not constitutively expressing Tet-On) cells. In this study, we integrated our
mARGg;s design in wild type HEK293T cells and prevented gene silencing of all 3 cassettes
by continually culturing them in the presence of the drug cocktail. The mARGqs genes
streamlined the workflow for developing mARGgs clonal HEK293T lines by eliminating

the need for FACS mediated purification of cell populations that had successfully
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integrated all 3 cassettes, as evidenced by ultrasonic and optical imaging. Finally, we
demonstrate that our mARGgs construct strategy does not require the establishment of
mARG clonal lines, and a drug selected mixed population of cells is sufficient for
ultrasound contrast generation. The findings detailed in this manuscript indicate that
doxycycline-inducible gas vesicle expression can be broadly applied to a variety of
mammalian cell lines, rendering these acoustic reporter genes useful for various

applications such as cell transplantation and tissue grafting.
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Chapter 4
PERFLUOROCARBON NANODROPLET DYNAMICS AFFECED BY LIPID SHELL
COMPOSITION
This chapter is in large part a reformatted version of the manuscript entitled
“Perfluorocarbon nanodroplet size, acoustic vaporization, and inertial cavitation affected
by lipid shell composition in vitro” published by Welch, P. J., Li, D. S., Forest, C. R.,

Pozzo, L. D., and Shi, C. in Journal for the Acoustical Society of America (JASA).

4.1 Perfluorocarbon nanodroplets for ultrasound imaging
4.1.1 Abstract

Perfluorocarbon nanodroplets (PFCnDs) are ultrasound contrast agents that phase-
transition from liquid nanodroplets to gas microbubbles when activated by laser irradiation
or insonated with an ultrasound pulse. The dynamics of PFCnDs can vary drastically
depending on the nanodroplet composition, including the lipid shell properties. In this
paper, we investigate the effect of varying the ratio of PEGylated to non-PEGylated
phospholipids in the outer shell of PFCnDs on the acoustic nanodroplet vaporization (liquid
to gas phase transition) and inertial cavitation (rapid collapse of the vaporized
nanodroplets) dynamics in vitro when insonated with focused ultrasound. Nanodroplets
with a high concentration of PEGylated lipids had larger diameters and exhibited greater
variance in size distribution compared to nanodroplets with lower proportions of
PEGylated lipids in the lipid shell. PFCnDs with a lipid shell composed of 50:50 non-
PEGylated to PEGylated lipids yielded the highest B-mode image intensity and duration,

as well as the greatest pressure difference between acoustic droplet vaporization onset and
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inertial cavitation onset. We demonstrate that slight changes in lipid shell composition of
PFCnDs can significantly impact droplet phase transitioning and inertial cavitation
dynamics. These findings can help guide researchers to fabricate PFCnDs with optimized

compositions for their specific applications.

4.1.2  Introduction

Lipid-shelled microbubbles have been used as FDA approved ultrasound contrast
agents for several decades [°%2l. These gaseous structures ranging in size from 1-5 um in
diameter can be injected into the bloodstream and provide contrast for imaging the blood
and tissue environment within the body. Furthermore, these microbubbles scatter
ultrasound nonlinearly, which enables improved resolution and high contrast images with
less tissue background signal 3], The use of microbubbles has enabled super-resolution
ultrasound imaging of microvasculature in deep tissue structures, including the brain,
muscles, and kidney [2°-2%], Microbubbles can also be utilized for ultrasound-mediated drug

[32.33] However, there are several drawbacks

delivery to blood clots and endothelial cells
to microbubble contrast agents. Their size limits them to the bloodstream and they cannot
extravasate into tissue via inter-endothelial gaps in blood vessels [*31. Microbubbles are also
unstable, only lasting minutes in the body before dissolution [*7]. In response to these issues,
perfluorocarbon nanodroplets (PFCnDs) have been developed composed of similar
materials, a lipid shell and perfluorocarbon core, but the nanodroplet core is liquid at room
temperature, either because the perfluorocarbon core has a high bulk vaporization

temperature, or because the nanodroplets are in a superheated state (4>, After exposure

to an ultrasound pulse with sufficient energy, these nanodroplets phase transition into gas
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microbubbles and can be ultrasonically imaged using nonlinear imaging techniques for

31-331 Depending on environmental

improved contrast in the liquid or tissue environment |
conditions and nanodroplet composition, such as the choice of perfluorocarbon used and
temperature of the nanodroplet suspension, the PFCnDs can recondense back to a liquid
state and undergo the expansion-recondensation cycle for repeated imaging purposes, or
can remain as gas microbubbles and be eliminated from the body within minutes to hours
[60.94.95] Due to their small size (<300 nm) they can extravasate into the leaky vasculature
of tumors, which have large inter-endothelial gaps ranging from 380 nm — 2 pum 5396971,
PFCnDs also exhibit significantly better stability in circulation; compared to microbubbles
whose lifespan is minutes long, PFCnDs with perfluoropentane (PFP) or perfluorohexane
(PFH) cores remain stable in their liquid state for hours to days in vitro and in vivo 34%%
100] PFCnDs can be utilized for targeted drug delivery and are superior for selective tissue
ablation as they facilitate targeted, deep tissue heating without prefocal thermal delivery
and damage to skin that occurs when using microbubbles [5>-°6-101.1021 Fyrthermore, due to
their nanoscale size, functionalized PFCnDs can enter specific cell types via endocytosis
for localized cell and tissue ablation; microbubbles are neither small nor stable enough for
such applications [86],

The process of PFCnDs transitioning from liquid nanodroplets to gaseous
microbubbles from an ultrasound pulse is termed acoustic droplet vaporization (ADV). The
pressure at which the nanodroplets undergo ADV can vary significantly based on several
nanodroplet properties: nanodroplet diameter, core composition, and shell composition [193-
105

1. These nanodroplet properties also affect inertial cavitation (IC) of PFCnDs, which is

unstable bubble collapse with a broadband noise signature (1%, So long as the core bulk
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boiling point of PFCnDs is lower than the temperature of its surrounding environment,
ADYV and IC of PFCnDs are serially linked to one another, with ADV occurring first to
form gas microbubbles before IC occurs in those microbubbles, although ADV and IC

p [197:108] Preventing IC from occurring while using PFCnDs

pressure thresholds can overla
and microbubbles as ultrasound contrast agents is particularly crucial for in vivo imaging
due to its potential to cause significant damage to surrounding tissues; therefore, having a
large pressure difference between ADV onset and IC onset is of importance to medical
imaging researchers.

Previous studies have demonstrated that nanodroplet size, stability, and image
contrast are heavily reliant on their lipid shell composition. Mountford et al. (2015) studied
PFCnDs composed of phospholipid shells with acyl lengths ranging from C14 to C24 and
noted that the energy required to induce phase transitioning linearly trended with increasing
acyl length chain '), Yarmoska et al. (2019) showed that increasing the ratio of
PEGylated to non-PEGylated lipids in photoacoustic PFCnDs yielded smaller nanodroplets
with smaller standard deviations and stronger photoacoustic signals compared to PFCnDs
with higher ratios of non-PEGylated to PEGylated lipids ['°¥. Chattaraj et al. (2016) noted
that different combinations of saturated and unsaturated phospholipids in combination with
cholesterol affected the B-mode acoustic intensity of perfluorohexane-core PFCnDs,
possibly due to the clustering and phases of the lipid shells [11%. From these papers, slight
changes in lipid shell composition, like the carbon chain lengths or the ratio of different
phospholipids and surfactants, can significantly impact size distribution and ultrasound

image contrast. However, there is limited research on how the lipid shell impacts
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ultrasonically induced phase-transitioning of PFCnDs and whether the shell composition
influences the inertial cavitation threshold.

In this work, we investigated the role of varying lipid shell composition of PFCnDs
on nanodroplet size, ADV and IC onset, and the ultrasound intensity and duration of phase-
transitioned PFCnDs by varying the ratio of PEGylated and non-PEGylated lipids, which
are commonly used for fabricating lipid-shelled ultrasound contrast agents. These
nanodroplets had cores composed of either PFP, PFH, or a combination of the two
perfluorocarbons. These perfluorocarbons were selected to encourage recondensation of
the phase-transitioned nanodroplets; using perfluorocarbons with lower boiling points like
perfluorobutane (PFB, boiling point = -2°C) would result in microbubbles unable to
recondense in the water bath heated to 37°C. PFCnDs fabricated via spontaneous
nucleation were suspended in agarose hydrogels and insonated using a focused ultrasound
transducer. A linear array transducer, synchronized to the focused ultrasound transducer,
captured B-mode images and radiofrequency (RF) data of the insonated PFCnDs, which
were used to study the vaporization and cavitation dynamics of the nanodroplets,

respectively.

4.2 Materials and Methods
4.2.1 Nanodroplet fabrication and size exclusion techniques

Nanodroplets were fabricated using a spontaneous nucleation method as previously
described by Li et al. (Fig. 4.1 a) 3%, This fabrication method was used as it can
consistently create small (< 250 nm diameter), uniform PFCnDs with no need for

specialized equipment nor harmful chemicals like chloroform. Lipid stock solutions were
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created with varying molar ratios of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
and  N-(carbonyl-methoxypolyethylyeneglycol 2000)-1,2-distearoyl-sn-glycero-3-
phosphoethanolamine (DSPE-PEGa2000) (NOF America Corporation) dissolved in 190
proof ethanol. These lipid stocks were composed of 90:10 DPPC:DSPE-PEG2000, 50:50
DPPC:DSPE-PEG2000, or 10:90 DPPC:DSPE-PEG2000 (Fig 4.1 b). The final concentration
of lipids in these solutions was 2 uM. One milliliter of each stock solution was added to a
microcentrifuge tube and perfluorocarbons, either perfluoropentane (PFP; FluoroMed
L.P.), perfluorohexane (PFH; FluoroMed L.P.), or a combination of the two, were added
to the lipid solutions until the solution was saturated with perfluorocarbon, as characterized
by a noticeable pellet of undissolved perfluorocarbon collected at the bottom of the
microcentrifuge tube. The ratios of PFP:PFH used in these experiments were as follows:
100:0, 90:10, 70:30, 50:50, and 0:100. We ultimately want to create nanodroplets that will
phase transition under diagnostically safe acoustic pressures (mechanical index (MI) below
1.9) while also being capable of recondensing back into a liquid state, so the nanodroplets
fabricated tended to have a higher ratio of PFP to PFH, and 30:70 and 10:90 PFP:PFH
nanodroplets were not included in this study [, A 2% solution of Dil (a lipophilic
fluorescent tracer; MilliporeSigma) dissolved in ethanol was added to the
lipid/perfluorocarbon solution. Dil was used in all experiments as these PFCnDs with this
composition will later be used in cell and tissue imaging studies. The microcentrifuge tube
was vortex mixed and sonicated until the solution was cloudy. At this point, the solution
was left for 20 min for additional undissolved perfluorocarbon to fall out of solution. 50
puL of this lipid/PFC/Dil solution were added to 100 pL of lipid stock solution in

microcentrifuge tubes. Then, 850 pL of a 7:2:1 water:propylene glycol:glycerol
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(MilliporeSigma) solution was added to the diluted lipid/PFC solutions. The rapid addition
of this hydrophilic miscible solution caused the dissolved lipids and PFC to spontaneously
nucleate into very small droplets with the lipid encapsulating the PFC 'core' to form a stable
dispersion in a process called spontaneous emulsification. From here, all samples were
centrifuged for 80 min at 6000 rcf, the supernatant was removed, and the pellet of

nanodroplets was resuspended in phosphate buffered saline (PBS; Corning).
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Figure 4.1: Spontaneous nucleation method of fabricating perfluorocarbon nanodroplets.
a. Lipids are first dissolved in ethanol, then divided into two batches. Perfluorocarbons (PFC)
are slowly added to the first batch of lipids + ethanol until the solution is saturated with PFC,
indicated by the formation of a pellet of undissolved PFC at the bottom of the vessel. The second
batch of lipids + ethanol remains unchanged. The two solutions are added together in a ratio
conducive for desired PFC concentration. In the final step, a 7:2:1 water:propylene
glycol:glycerol solution is added to the lipids + ethanol + PFC solution. The rapid addition of a
hydrophilic solution to a hydrophobic solution causes spontaneous nucleation to occur, where
the lipids in the suspension rapidly seize into small droplets, encapsulating PFC during this
process. b. Schematic of the non-PEGylated and PEGylated lipids used in this work. Figure
4.1a adapted from Ref. 84.

To test the optimal filtration technique, we created several batches of nanodroplets
made from the same lipid shell stock through the spontaneous nucleation method. These
solutions were then either passed through a 450 nm mesh filter, centrifugated, or left

undisturbed. The size and concentration of these nanodroplet solutions were measured the
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same day as the ultrasound experiments, which was typically ~24 hr after fabrication.
These were the four conditions we tested:

Control — no changes to nanodroplet solution after resuspending in PBS.

Size-Exclusion Centrifugation — the nanodroplet solution was spun down at 300 rcf
for 5 minutes to allow the large nanodroplets settle to the bottom of the tubes. The
supernatant was recovered, and this process was repeated three times.

Gravity Filtration — a 450 nm mesh filter (Corning) was attached to a syringe. The
nanodroplet solution was loaded into the syringe and allowed to pass through the filter via
gravity.

Pressure Filtration — a 450 nm mesh filter was attached to a syringe, and after the
nanodroplet solution was loaded, the syringe plunger was depressed slowly until the entire
nanodroplet solution passed through the filter.

On the day of experiments (~24 hr post-fabrication), the concentration and size of
the nanodroplets were measured using a NanoSight300 (Malvern Panalytical). The
concentration for each PFCnD stock was noted and used to create appropriate dilution
factors such that the same quantity of each type of PFCnDs was suspended in agarose gels.

PFCnD solutions were stored at 4°C until use.

4.2.2  Ultrasound imaging and calibration

All experiments took place in a water bath heated to 37°C. Nanodroplets were
suspended in a 1% agarose gel (MilliporeSigma) to a final concentration of 1x10%
nanodroplets/mL (4.2x10° %v/v) and loaded into thin-walled plastic containers. A focused

single-element transducer (H-101, Sonic Concepts Inc.) operating at its third harmonic
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frequency of 3.5 MHz (determined by performing a parametric frequency sweep between
3 and 4 MHz) was aligned with the nanodroplet gel sample. The single-element transducer
was connected to a function generator (Agilent E4422B) and amplified with an RF power
amplifier (325 LA, E&I Ltd.). A coupling cone was placed on the single-element
transducer to align the focus of the transducer to the nanodroplet sample. This single-
element transducer set-up was used to initiate droplet vaporization in the nanodroplet
sample. Orthogonal to the nanodroplet sample was a linear array transducer (L7-4v,
Philips) operating at its center frequency of 5 MHz and transmitting plane waves at a frame
rate of 3500 Hz, which captured B-mode images of the vaporized nanodroplets above the
focal spot of the focused ultrasound transducer (Fig. 4.2 a). Data was acquired using a
Research Ultrasound system (Vantage 256, Verasonics, Inc.) running a custom MATLAB
script that synchronized the focused ultrasound pulse with the captured B-mode image.
Thirty pre-activation B-mode image frames were collected as background signal, then the
single-element transducer was triggered by the Vantage 256 to emit a 20-cycle burst sine
wave at a specified pressure output to initiate ADV in the nanodroplet-loaded agarose gel,
followed by 400 post-ADV B-mode frames. A 20-cycle burst was selected to keep the
transmission duty cycle well below 10%. The 20-cycle burst was also selected to
simultaneously phase-transition a high proportion of PFCnDs while preventing inertial
cavitation, as longer bursts (20+ cycles) have greater chances of phase-transitioning more
nanodroplets at lower insonation pressures while also risking inertial cavitation at lower
pressures [108112-114] " Thjg activation and imaging sequence was repeated 20 times per
pressure output, starting at the lowest pressure (2 MPa) output and gradually ramping the

pressure amplitude from 2 to 9.5 MPa peak negative pressure (MI =1 - 5). Data was stored
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as both raw RF data (for IC detection) and B-mode image frames (for ADV analysis). The
single-element transducer pressure output was calibrated prior to experiments using an
HGL-0200 capsule hydrophone (ONDA Corp.), with RF data collected in LabVIEW 2019
(National Instruments) and analyzed in MATLAB 2020a (MathWorks). Voltage to
pressure calibration of the single-element transducer was performed with the coupling cone
and a thin (~1 mm) layer of 1% agarose gel in front of the transducer to simulate
experimental conditions and account for any attenuation caused by the coupling cone and

gel set-up.

4.2.3 Acoustic droplet vaporization characterization
Acoustic droplet vaporization (ADV) was quantified by measuring the mean echo
power of the focal spot within the imaging window, as described by Fabiilli et al. and used

5] The mean echo power (MEP) is calculated by summing the

in later applications [
squared amplitude of all pixel intensities within an imaging window, then normalized by

the window area as follows:

MEP(m) = ;o351 S, A7 M
where m is the frame number with dimensions M, N and A is the amplitude at pixel i, j.
The MEP of ultrasound frames just after insonation (Fig. 4.2 ¢) will be significantly higher
than frames preceding the activation event (Fig. 4.2 b) if the activating ultrasound sequence
was powerful enough to induce ADV. The MEP would also significantly decrease post-
insonation after a short period if PFCnDs either recondensed or dissolved into the
surrounding scaffold (Fig. 4.2 d). We calculated the average MEP of 20 post-activation

frames, ignoring the two frames immediately after the activating ultrasound sequence to
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prevent signal from the focused ultrasound transducer from interfering with our
calculations.

The MEP calculations were used to analyze the duration and intensity of vaporized
nanodroplets. MEP duration was characterized as the number of post-activation frames
where the MEP was elevated above a threshold value, 20XMEPAavg, pre-Activation, Where
MEPAvg, pre-Activation 18 the average MEP value of the 30 pre-activation frames before the
vaporization pulse is triggered. This threshold was determined by measuring the average
and standard deviation of the pre-activation frames and selecting a multiplier that would
ensure the MEP signal measured in the post-activation frames was caused by phase
transitioning PFCnDs and not background noise. Usually, the MEP of B-mode images of
ADV was several orders of magnitude higher than frames containing no ADV, so
increasing or decreasing the multiplier for the threshold value slightly (e.g., 5) does not
significantly affect the measurement. MEP intensity comparisons between different groups
of PFCnDs were made by determining the maximum MEP induced by the activation pulse

per activation and imaging sequence.

4.2.4  Inertial cavitation characterization

Inertial cavitation was determined by analyzing the RF data received by the
imaging transducer immediately after the phase-transitioning ultrasound pulse. The RF
data collected by the four elements of the linear array transducer located directly above the
focal spot of the single-element transducer was analyzed by taking the fast Fourier
transform and analyzing the signal amplitude between 4 and 6 MHz. This frequency

window was selected because it did not contain any of the 2" harmonic signal coming from
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the nanodroplets caused by the single-element transducer (~7 MHz) and could be used as
a region to characterize the noise floor. Since inertial cavitation is typically measured by
broadband acoustic emission, we could use this frequency region to gauge if there was an
elevated noise floor after the activation ultrasound pulse. Transducer elements were
specifically selected to be located above the focus spot of the activation pulse, as
determined by analyzing the B-mode image data. The signal from the lowest activation
pulse pressure was used as the noise floor baseline measurement. A threshold was
empirically selected in a similar manner as used in Fabiilli et al. in order to distinguish an
IC event from background noise caused by the insonating focused ultrasound transducer
(1151 The threshold for IC detection was set as

NFgample > NFpase + 3 * 8yF, .0 ()
where NFgampe is the noise floor of the sample of interest (Fig. 4.2 e, red line), N Fy, 55 is

the noise floor of the PFCnD sample at the lowest insonation pressure (2 MPa peak

negative pressure) and Syp, . is the standard deviation of the noise floor at the lowest

insonation pressure (Fig. 4.2 e, black line). The threshold for IC detection is quite low so

that the IC analysis is very sensitive to any potential IC events in the nanodroplet samples.
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Figure 4.2: Methods used for B-mode image and RF data collection for acoustic
droplet vaporization and inertial cavitation characterization. a. Overview of
experimental set-up. b., ¢., d., Representative B-mode images of perfluorocarbon
nanodroplets phase-transitioning and recondensation/dissolution before, during, and
after insonation, respectively. Nanodroplets used in these images are 50:50 lipid shelled,
50:50 PFP:PFH nanodroplets. e. Fourier transform of insonated PFCnDs at 2 MPa peak
negative activation pressure (black line — no acoustic droplet vaporization nor inertial
cavitation) and at 9 MPa peak negative activation pressure (red line — evidence of

inertial cavitation).

4.2.5 Statistical analysis

ADYV and IC data were plotted using MATLAB, and sigmoidal best-fit curves were

fitted to the scatterplot data. The custom equation for the sigmoidal curveisy = a +

b—a
Xyd?
1+(C)

where x is the pressure value and y is either the cavitation probability or acoustic droplet
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vaporization intensity, a and b are the maximum and minimum y-values, respectively, ¢
is the x -value at the y -midpoint, and d is the slope at ¢ '], These sigmoidal curves were
used to determine the onset of ADV and IC. ADV onset was characterized by the
appearance of ultrasound contrast immediately after the insonating pulse by the focused
ultrasound transducer, caused by the phase transitioning of the PFCnDs. This appearance
of ultrasound contrast correlates well with the x-value at the y-midpoint of the sigmoidal
curve. IC onset is defined as the 50% crossing of the sigmoid fit on the cavitation curve
(841 Box plots and statistical analysis were conducted in R Studio. One-way ANOVA and
Tukey’s t-test were used to determine statistical significance in variances between different

nanodroplet compositions.

4.3  Results and Discussion
4.3.1 Nanodroplet filtration

Nanodroplet composition impacts the size distribution of the resulting
nanodroplets, which can significantly influence ADV and IC thresholds [''®l, If there are
large nanodroplets present in the nanodroplet suspension, ADV can be observed at
relatively low pressures as nanodroplets with larger diameters require lower pressures to
vaporize than those with smaller diameters due to superharmonic focusing H0*!17%:118] To
eliminate particularly large nanodroplets, centrifugation is commonly used to separate

1191 However, this size-exclusion

large, coalesced nanodroplets from the rest of the sample [
technique has not been extensively compared to other separation methods such as mesh

filtration. We sought to optimize a simple but effective nanodroplet filtration method to

create nanodroplet solutions of uniform, monodisperse nanodroplets by passing our
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nanodroplet suspensions through a 450 nm mesh filter. We selected 450 nm mesh filters
for our filtration studies knowing that mesh filters are not perfectly monodisperse, and if
we used filters with an average pore size closer to our initial average nanodroplet diameter
(~220 nm) we would risk excluding a much higher proportion of nanodroplets and thus
significantly reduce the quantity of nanodroplets in our solutions 1%, The control sample
of nanodroplets, which did not undergo any size-exclusion separation technique, had the
largest mean diameter and standard deviation in diameter distribution amongst the samples
(Fig. 4.3 a, ¢). The gravity filtered and pressure filtered nanodroplets yielded the smallest
average diameter without significantly reducing the concentration of the sample (Fig. 4.3
b, ¢). In order to eliminate the risk of including large (>450 nm) nanodroplets in our study,
all nanodroplet samples were pressure filtered before used for ultrasound imaging in
subsequent experiments.

Nanodroplets passed through a 450 nm mesh filter had significantly smaller
diameters than non-filtered and centrifugated nanodroplets. At surface level these findings
seem obvious, but in reality the results are somewhat surprising because it has been
hypothesized that pushing lipid shelled PFCnDs through a mesh filter can cause some
nanodroplets to break open and coalesce with nearby droplets ['2!1. This theory is still
possible, though perhaps the large nanodroplets formed via coalescing are less stable than
the smaller ones and either evaporate or coalesce and sediment within the 24 hr period
between fabricating the PFCnDs and measuring their size and concentration. The more
likely reason that mesh filtered PFCnDs tend to have smaller average diameters is because
any nanodroplets greater than the mesh pore size (in this case, 450 nm) are excluded from

size measurements and do not contribute to the diameter calculations by the NanoSight
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300. The mesh filtered nanodroplets may have a slightly larger standard deviation
compared to the centrifugated and control nanodroplets either because some nanodroplets
are fractured by the filter and the lipid shell fragments form very small (< 100 nm)
liposomes containing no perfluorocarbons, or some of the nanodroplets have excess lipid

shell that are shed as they pass through the filter and form liposomes [122],
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Figure 4.3: Size exclusion techniques on perfluorocarbon nanodroplet diameters.
a. Size distribution of PFCnDs with a perfluorohexane core with no size separation
technique applied. Average diameter of these droplets was 217.9 + 52.2 nm, 10'°
nanodroplets/mL. b. Size distribution of PFCnDs with a perfluorohexane core after
passage through a syringe fitted with a 450 nm mesh filter. Average diameter of these
droplets 197.5 £+ 41.1 nm, 10'° nanodroplets/mL. ¢. PFCnDs passed through a 450 nm
filter yielded nanodroplets with the smallest diameters, compared to centrifugation
techniques and unmodified (control) nanodroplet samples. n = 6.

Next, we investigated how the lipid shell composition impacts nanodroplet size
distribution. PFCnDs with a PFH core were passed through a 450 nm mesh filter attached
to a 1 mL syringe with the plunger gently applied to eliminate larger nanodroplets. Based
on three different batches of PFCnDs, nanodroplets with a 10:90 ratio of DPPC:DSPE-
PEGo2000 were significantly larger than 50:50 and 90:10 lipid shelled nanodroplets (Fig 4.4

a). There was no significant difference in size between the 50:50 and 90:10 lipid shelled
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PFCnDs. No significant difference in nanodroplet diameter is observed when PFCnDs are
grouped by core composition (Fig 4.4 b), indicating that the lipid shell, rather than core

composition, influences nanodroplet size distributions.
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Figure 4.4: Perfluorocarbon nanodroplet size distribution vs. lipid shell
composition. a. 10:90 lipid shelled PFCnDs had notably larger nanodroplets across all
experiments and core compositions (n = 27). b. Grouping nanodroplets with different
lipid shell compositions together based on perfluorocarbon core, no significant
difference in diameter was observed amongst PFCnDs with different core compositions,
indicating changes in PFCnD sizes are linked to shell composition. (n = 9).

4.3.2  Acoustic droplet vaporization intensity vs. shell composition

Ultrasound B-mode image intensity caused by the phase transitioning of the
PFCnDs is critical for medical imaging applications, as PFCnDs that produce a stronger
acoustic signal are easier to locate in vivo. The intensity of the resulting image contrast

produced after ADV was quantified by calculating the MEP in the focal region (Fig. 4.5
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a). Once the insonating pressure from the single-element transducer reached a certain
threshold, a noticeable bubble cloud would appear in the transducer’s focal region. As the
transducer increased above this pressure, the bubble cloud intensity increased, indicating a
greater proportion of nanodroplets were phase-transitioned in the focal region and yielding
a higher MEP. This trend continued until the insonating pressure reached 7-7.5 MPa peak
negative pressure (PNP) (MI = 3.75-4), at which point the maximum number of PFCnDs
were phase-transitioned during each insonating pulse. Analyzed across three experimental
periods with separate batches of nanodroplets, the 50:50 lipid shelled PFCnDs exhibited
significantly stronger ADV intensities than the 10:90 and 90:10 lipid shelled nanodroplets
(Fig. 4.5 b). The 90:10 and 10:90 non-PEGylated:PEGylated PFCnDs had comparable

MEP values.
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These insonating pressures exceed the recommended pressures used in medical
ultrasound and are required in this study due to the agarose hydrogel environment whose
matrix suppresses some nanodroplet expansion (as opposed to an all-liquid environment
more commonly used in nanodroplet studies). The ADV threshold can be easily modified
by changing the core composition to contain lower boiling point perfluorocarbons such as
PFB and increasing the number of cycles per insonating pulse.

The cause for increased B-mode intensity in nanodroplets with a 50:50 lipid shell
ratio of non-PEGylated:PEGylated lipids could be caused by several factors. It is possible
that these 50:50 nanodroplets have improved vaporization efficiency than other
nanodroplet compositions, so a larger proportion of nanodroplets expand with each
insonating pulse. The cause of this improved vaporization efficiency may be due to the
packing structure and distribution of the two phospholipids in the nanodroplet shell. In one
study of multi-component phospholipid micelles by Viitala et al. (2019) the authors noted
that increasing the ratio of DSPE-PEG2000 in the DPPC:DSPE-PEG2000 liposomes from
~10% DSPE-PEG2000 to 50% DSPE-PEG2000 caused a shape change from bicelles to
slightly elongated micelles [!2]. DPPC:DSPE-PEG2000 lipid shelled nanodroplets have
small domains of only DPPC or DSPE-PEG2000, creating a solid-liquid ordered phase
coexistence, as detailed in Chattaraj et al. (2016) [!1%], The authors also noted that increasing
the PEG concentration in these droplets from 3% mol to 20% mol caused a significant
increase in acoustic signal, likely because PEGylated lipids are typically included in lipid-
shelled nanodroplets for increased steric stabilization and perhaps because this lipid shell
organization, with distinct regions of DPPC and DSPE-PEG2000, causes nanodroplets to

phase-transition well without inertial cavitation nor dissolution into the surrounding
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medium. Our results agree with Chattaraj et al. in that increasing the ratio of PEGylated
lipids from 10% mol to 50% mol yielded a significantly stronger acoustic response post-
ultrasound insonation. However, the addition of too much PEGylated lipid could create
steric hindrance issues and/or create too stiff of lipid shells for efficient nanodroplet
expansion, hence why our 10:90 DPPC:DSPE-PEG2000 nanodroplets had lower acoustic
signal overall.

Another potential cause of stronger acoustic intensity is that the 50:50 lipid shelled
nanodroplets yield larger gaseous microbubbles after insonation compared to the other two
compositions. PFCnDs will typically yield microbubbles that are 3-5 times larger in
diameter than their liquid, condensed form, with smaller nanodroplets forming
proportionally smaller microbubbles due to increased Laplace pressure [#3]. The interfacial
tension differences between the lipid shell and perfluorocarbon core may impact the
Laplace pressure and shell stiffness, which could affect ADV conversion efficiency and
the responsiveness of the resulting bubbles for the lipid shelled PFCnDs. Thus, the 50:50
lipid shelled nanodroplets may stably expand to a larger microbubble diameter than the
other compositions, or a greater proportion of the 50:50 lipid shelled nanodroplets expand
with each insonating ultrasound pulse, providing greater ultrasound contrast. Confirmation
of these theories would require an experimental set-up similar to that in Seda et al. (2015)
in which PFCnDs were placed above a microscope objective and the resulting bubble
clouds post-insonation were optically observed [!?4.  Further research on the ideal ratio of
PEGylated to non-PEGylated lipids in perfluorocarbon nanodroplets must be conducted to

determine the ideal shell ratio, but among the nanodroplet compositions used in this study,

61



50:50 lipid shelled PFCnDs would be the ideal ultrasound contrast agent to use in imaging
applications where stark image contrast is required.

Although using nanodroplets with a higher PEGylated lipid ratio may yield
improved ultrasound contrast, one area of concern is potential bioeffects caused by lipid
shell composition. PEG is a common additive to a variety of nanomaterials used to increase

125.126] ‘Studies investigating the use of PFCnDs in vivo have used a variety

in vivo stability [
of PEG ratios in lipid shells, even up to 90% PEGylated lipids, with no reported ill effect
[104.127.128] 'While using PFCnDs with various PEG ratios appears to be safe for one-time,
short-term experiments, long-term and repeated administration of PFCnDs, especially
those with higher PEG ratios, has not been thoroughly investigated and could potentially
lead to nanodroplet build-up within certain organs, increased clearance from the circulatory
system, and cytotoxicity. Researchers studying PEGylated liposomes for drug delivery
have noted that repeated injections of PEGylated liposomes at certain concentrations leads
to accelerated blood clearance after the first injection due to anti-PEG IgM-mediated
activation 12%-1311 Additionally, high PEG ratios can prevent nanoparticle uptake into cells,
which may be an issue if the desired use of these PFCnDs is to use them for targeted
intracellular uptake [1321331 Researchers should consider these potential effects that may
result in vivo when creating PFCnDs and design the lipid shell composition appropriately
based on the desired application. Researchers should also use caution if utilizing these

PFCnDs for long durations or repeated injections as there may be unknown cytotoxic

effects or increased immune activation that result from repeated use.
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4.3.3 Acoustic droplet vaporization duration vs. shell composition

The duration in which vaporized PFCnDs remained in their gaseous state was
calculated by measuring the number of frames in which the MEP in ultrasound frames post-
ADV was elevated above the threshold value 20XMEPayg, pre-ctivation. PFCnDs composed
of a 10:90 DPPC:DSPE-PEGa000 lipid shell had the briefest duration in the gaseous state
across all nanodroplet batches and core compositions (Fig. 4.6 a). There was no significant
difference in ADV duration between the 50:50 and 90:10 lipid shelled PFCnDs. Post-
insonation peaks in MEP were observed in the same nanodroplet samples after multiple
insonation events, even in nanodroplets with boiling points below the environment

temperature, suggesting nanodroplet recondensation (Fig. 4.6 b).
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Figure 4.6: Representative duration data from one dataset depicting the
differences in Mean Echo Power (MEP) across all nanodroplet types. a. 10:90 lipid
shell nanodroplets exist as gaseous microbubbles for significantly shorter periods
compared to both 90:10 and 50:50 lipid shell nanodroplets across all core compositions.
b. MEP vs. time in PFP nanodroplets with a 50:50 non-PEGylated:PEGylated lipid
shell, insonated at max operating pressure (9.5 MPa).
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The cause of disappearing ultrasound signal after phase transitioning can be
attributed to several factors. The perfluorocarbon core composition can significantly
impact whether nanodroplets can recondense or dissolve into the surrounding environment.
Nanodroplet recondensation has been observed in nanodroplets composed of both PFP and
PFH cores [60-61:87.9495] g0 it is possible that many of the nanodroplets within the PFCnD
samples tested in these experiments are recondensing to a liquid state after insonation, as
observed in Figure 4.6 b. The sustained signal intensity across all subsequent insonating
pulses, even at very high pressures, supports this claim. Furthermore, the agarose matrix in
which the PFCnDs are suspended can encourage recondensation rather than fragmentation,
whereas in flow tube phantoms, there tends to be a loss in ultrasound signal as the liquid
nanodroplet suspension is repeatedly subjected to high intensity ultrasound pulses [134],
Differences in interfacial properties of the lipid shelled PFCnDs could significantly impact
the recondensation of the vaporized bubbles, with the 10:90 lipid shelled nanodroplets
exhibiting the greatest interfacial forces and the 50:50 lipid shelled nanodroplets possessing
weaker interfacial forces. The high proportion of PEGylated lipids in the 10:90 PFCnDs
could also be the cause of rapidly disappearing acoustic signal as the PEG creates stiffer
encapsulating shells, encouraging fracturing and/or rapid recondensation of the
nanodroplets. Lastly, some PFCnDs, especially those composed of a core with a lower
vaporization temperature threshold, may fragment post-phase transitioning due to being in
an environment above the vaporization point of the core and possessing an unstable lipid

shell, despite their suspension in agarose gel [133:136],
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4.3.4 Pressure differential between acoustic droplet vaporization onset and inertial
cavitation onset

We also investigated the onset of ADV and IC in all PFCnD samples. IC was
characterized by a significant increase in the noise floor directly after insonation by the
single-element transducer compared to the noise floor of the lowest insonation pressure
used (2 MPa). From here, the pressure difference between ADV onset (insonation pressure
at which nanodroplets begin to phase transition) and IC onset (characterized as 50%
cavitation probability) was calculated across all samples. PFCnDs with a 50:50 lipid shell
ratio had the largest pressure difference between when ADV was noticeable and when IC
surpassed the vaporization threshold compared to 10:90 and 90:10 lipid shelled
nanodroplets, as exhibited by the representative plots in Figure 4.7 (Fig. 4.7 a, b, ¢). This
trend was observed across all nanodroplet samples of various sizes and core composition,
and the pressure differential was considerably larger in nanodroplets with smaller

diameters (150-180 nm vs. 200-250 nm, Fig. 4.7 d).
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Figure 4.7: ADV and IC onset of PFCnDs is influenced by their lipid shell
composition. a., b., c., Onset of ADV and IC for 10:90, 50:50, and 90:10 lipid shell
PFCnDs with a 50:50 PFP:PFH perfluorocarbon core, respectively. These data are
representative of all data sets collected. d. The differential between ADV onset and IC
onset of various lipid shell compositions of all PFC cores. This pressure differential is
influenced by both shell composition and nanodroplet sizes.

The differential between ADV and IC onset is an important metric for both imaging
and therapeutic applications. For ultrasonic imaging of these contrast agents in vivo, IC can
be detrimental to surrounding cells and tissues; inducing ADV without triggering IC,
therefore, is critical. Creating PFCnDs with the lowest possible ADV threshold is crucial

in diagnostic imaging to enable phase transitioning without using insonating pressures
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above the Food and Drug Administration’s MI threshold for in vivo applications. Contrary
to this, damaging tissues and cells via IC can be the goal of using ultrasonically triggerable
PFCnDs, so nanodroplets with a lower IC threshold are ideal, and the pressure difference
between ADV onset and IC onset is negligible. Based on these considerations, 50:50 lipid
shelled PFCnDs would be ideal contrast agents for theranostic applications; these droplets
exhibited the greatest ADV to IC onset pressure differential and highest contrast to noise,
and could thus facilitate both ultrasound imaging (ADV) and ultrasound-induced drug
released or localized tissue ablation (IC). However, the perfluorocarbon cores used in this
paper yielded PFCnDs with ADV thresholds above the FDA’s MI limit. Changing the
perfluorocarbon core to include perfluorocarbons with lower vaporization temperatures
(e.g., perfluorobutane) can bring the ADV threshold to biologically safe pressures.

It is important to consider that the window between ADV and IC is quite narrow,
even for the 50:50 lipid shelled PFCnDs. This narrow pressure differential has been
observed in other works and has implications for utilizing PFCnDs safely for in vivo
applications. 1%, Our findings demonstrate that the ADV to IC pressure differential is
larger for PFCnDs with smaller diameters, but one problem with small nanodroplets
(diameters < 200 nm) is that they require very high insonation pressures exceeding MI
limits compared to larger nanodroplets. Researchers have developed ways to lower and
control both ADV and IC thresholds by using unique transducer configurations or
ultrasound standing waves, but future work should investigate whether these techniques
can be used to create a greater ADV to IC differential, whether these techniques can be
used to insonate and phase transition nanodroplets with sub-200 nm diameters, and whether

these techniques are applicable in vivo [137:138],
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It is important to note that all experiments in this paper were conducted in tissue-
mimicking phantoms within a temperature-controlled water bath. We opted to conduct
experiments in this well-controlled environment, rather than in vivo, so that any differences
in acoustic behavior were attributed to the PFCnDs instead of slight changes to the
experimental set-up (e.g., differences between animals, changes in tissue stiffness, etc.).
Future work should include testing these PFCnDs with different lipid shell compositions
in vivo or in environments that better represent in vivo conditions, such as excised tissue,
to validate that these differences in nanodroplet behavior are still exhibited in vivo.
Additionally, as mentioned in Section IIIB, special care should be taken if using these
PFCnDs for long-term studies with repeated injections in order to understand potential

bioeffects caused by the presence of these nanodroplets in vivo.

44  Conclusion

We investigated the influences of the lipid shell composition on the size
distribution, ultrasound characteristics, and vaporization dynamics of perfluorocarbon
nanodroplets. Our results suggest that passing nanodroplets through a mesh filter yields
nanodroplet suspensions with smaller average diameters by excluding large (450+ nm
diameter) nanodroplets. Furthermore, lipid shell PFCnDs with a high proportion of PEG-
ylated lipids have larger diameters, though the size distribution of nanodroplets may be
more dependent on fabrication method than lipid shell composition. PFCnDs with a 50:50
DPPC:DSPE-PEG2000 lipid shell composition created the strongest ultrasound contrast, had
the longest duration in the phase-transitioned state, and had the greatest pressure difference

between ADV onset and IC onset among all nanodroplet samples used in this study. Based
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on these results, the 50:50 lipid shelled PFCnDs are ideal candidates for theranostic
applications and ultrasound imaging in general due to their monodispersity, high contrast
to noise ratio, and large ADV to IC pressure differential. 90:10 and 10:90 lipid shelled
PFCnDs are both excellent candidates for tissue ablation and localized drug delivery.
Altering the perfluorocarbon core can influence the duration in which the PFCnD remains
gaseous as well as the vaporization threshold of the nanodroplets. The findings in this work
can help guide researchers to fabricate PFCnDs with the desired ultrasonic properties for a

variety of applications.
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Chapter 5
NANODROPLET INJECTION INTO CELLS USING PATCH CLAMP FOR
SUBSEQUENT ULTRASOUND IMAGING

5.1 Introduction

Perfluorocarbon nanodroplets (PFCnDs) are a condensed form of microbubbles
with a liquid perfluorocarbon core, rather than a gas core, surrounded by lipids, proteins,
surfactants, or polymers, and range in size from 100-500 nm in diameter. Because of their
liquid interior and smaller size, PFCnDs have improved in vivo stability compared to gas
microbubbles, lasting hours to days in vivo or in vivo-mimicking conditions and are small

[55.61.99.139] = Active areas of research

enough to enter spaces that microbubbles cannot
involving PFCnDs include targeted chemotherapeutic drug delivery to tumors [°3. Tumors
excrete substantial angiogenic factors that encourage rapid development of immature blood
vessels with large endothelial gaps, and PFCnDs are well positioned to extravasate through
these large pores in the blood vessels and reside in tumor tissue. Tumors have poor
clearance from lymphatic dysfunction as well, so the PFCnDs can remain in the tissue for
over 24 hours post-injection [127:1401 Upon ultrasound insonation, the nanodroplets can
undergo inertial cavitation to release the drug contained within its core. PFCnDs are also a
useful agent for histotripsy applications and are safer than microbubbles due to a reduced
chance of off-target cavitation in the tissue.

Besides various tissue therapies, PFCnDs have been used for super-resolution
ultrasound imaging applications. PFCnDs behave in an acoustically analogous manner to

the fluorophores used in photoactivated localization microscopy (PALM) and stochastic

optical reconstruction microscopy (STORM), two super-resolution optical imaging
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techniques 781, In PALM and STORM, sparse subsets of fluorophores are stochastically
excited to fluoresce. These fluorophores are imaged and allowed to photobleach to
eliminate their signal. The process is repeated, then the precise locations of each
fluorophore are super-resolved by locating the peak of each point spread function created
by the fluorophore. Finally, these fluorophore locations are projected onto one plane to
form a pointillism reconstructed image of the structure of interest. PFCnDs are capable of
stochastic activation through short pulses of focused ultrasound and can recondense back
to liquid nanodroplets from gas microbubbles under certain conditions, similar to the way
that the fluorophores in PALM/STORM photobleach. Already, PFCnDs have been used to
achieve micrometer-scale image resolution in tissue, and one theoretical analysis has
proposed that PFCnDs could be used to achieve sub-micron resolution if a transducer with
sufficiently high frequency was used (> 18 MHz) in conjunction with ultrafast ultrasound
localization microscopy (WULM) 59611 Gas microbubbles have been used with ULM to
reconstruct blood vessel structures in a mouse brain by tracking the changing microbubble
positions within vessels to form the super-resolved images [2°1. However, because gas
microbubbles do not exhibit the phase change behavior of PFCnDs, in addition to their size
and stability limitations, gas microbubbles can only be used to form super-resolution
images of body structures with fluid movement; gas microbubbles cannot be used for
super-resolution imaging of cells or tissue.

Because of their smaller size, improved stability, and super-resolution capabilities,
PFCnDs are uniquely positioned to be used for intracellular imaging. However, their use
as intracellular ultrasound contrast agents is extremely limited. Instead, gas vesicles and

gas nanobubbles, which are like microbubbles except with nanometer-scale diameters
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rather than micrometer-scale diameters, are two ultrasound contrast agents that are being
actively used for intracellular ultrasound imaging 1441411921 Gas vesicles can be grown
in mammalian cells by stably transfecting the cells with mammalian acoustic reporter genes
(mARGsS) as described in Chapter 3 of this thesis. These gas vesicles provide a noticeable
ultrasound contrast caused by ultrasound-induced gas vesicle collapse. The cells can
regenerate gas vesicles after several days, enabling repeatable, long-term ultrasound
imaging. However, gas vesicles do not produce particularly strong ultrasound contrast and
require significant concentrations of gas vesicles (and thus cells) to be present to produce
any sort of image contrast *!l. Gas nanobubbles can have functionalized shells such that,
when they extravasate through leaky vasculature into surrounding tumors, can be directly
uptaken by cells for ultrasound imaging or drug delivery applications. However, gas
nanobubbles suffer from similar limitations as gas microbubbles in terms of in vivo
stability.

At the time of writing, there is very limited documented work of cell imaging using
PFCnDs localized within cells. One problem is that it is challenging to get PFCnDs into
most cell types. The one study of note that investigated PFCnDs for ultrasound imaging of
cells used macrophages, which tend to engulf any foreign objects they come across [143],
For most other cells, the surfaces of the PFCnDs must be modified to contain a ligand or
other molecule that encourages cell-specific uptake. However, with this technique, cell
uptake appears to be limited and localized to only one or two regions of each cell (Fig. 5.1)
[86] If PFCnDs were to be used for more than cell localization, such as to image the
morphology of a cell using super-resolution imaging techniques like ULM, the

nanodroplets would need to span throughout the entire cell.
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Figure 5.1. Polydopamine-treated perfluorocarbon nanodroplet uptake by
HEK293T cells. Polydopamine-coated perfluorocarbon nanodroplets are sparsely
uptaken into cells as evidenced by red puncta in cells stained with CellTracker Green
(left) and no cellular uptake is seen using nanodroplets without polydopamine coating
(right). Scale bar = 100 pm.

To enable delivery of PFCnDs into specific cells that encourages nanodroplet
spreading throughout the entire cell body, a single-cell delivery mechanism must be used.
The technique we propose to use for single cell nanodroplet injection is patch clamp, a
precision neuroscience technique that is often used to deliver small molecules into cells for
fluorescent labeling and subsequent imaging. However, patch clamp is rarely used to
deliver objects larger than 40 nm in size !*4. As a result, it was first important to
demonstrate the feasibility of patch clamp microinjection of PFCnDs. Furthermore, it was
crucial to determine whether cells could be microinjected with PFCnDs via patch clamp in

a manner where the cells could later be ultrasonically imaged.
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Here, we explore the metrics of successful patch clamp microinjection of
perfluorocarbon nanodroplets into HEK293T cells for subsequent single-cell ultrasound
localization. Fluorescently tagged nanodroplets were prepared in a sterile environment and
suspended in patch pipette internal solution. A pressure control system enabled injection
of perfluorocarbon nanodroplets into HEK293T cells that were cultured on glass and
PDMS coverslips. We recorded the gigaseal and break-in success rate of each patch attempt
as well as the positive pressure applied to the tip of the micropipette required to drive
nanodroplets into the cell. We also noted the distribution of nanodroplets once inside of
the cell, which is useful to dictate whether this technique can be used for super-resolution
imaging of the cell using ultrasound localization microscopy. We also describe methods
for seamlessly transitioning nanodroplet-injected HEK293T cells from the patch clamp rig
to an ultrasound imaging system for subsequent ultrasound localization. We share some
results of localized HEK293T cells on the coverslip after patch clamp injection with
PFCnDs. This work is the first of its kind to demonstrate nanodroplet injection via patch
clamp into cultured HEK293T cells and ultrasound localization of those specific cells,
paving the way for future studies involving single-cell imaging in vitro and in vivo over
multi-day time periods, with the potential for super-resolution cellular imaging

applications.

5.2 Materials and Methods
5.2.1 HEK293T Cell Culture on Glass Coverslips
For initial patch clamp experiments to examine feasibility and patch clamp

parameters necessary for nanodroplet injection, HEK293T cells were seeded on sterilized
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glass coverslips coated in poly-D-lysine. Glass coverslips were sterilized by soaking in
70% ethanol for 1 hour. Coverslips were rinsed 2x with PBS and allowed to air dry for 10
minutes in a biological safety cabinet. Then, the coverslips were coated in poly-D-lysine
diluted in PBS in a 1:10 v/v ratio for at least 1 hour. The poly-D-lysine solution was
aspirated and the coverslips were allowed to air dry in the biological safety cabinet before
seeding with cells. HEK293T cells (ThermoFisher) between passages 4-25 grown in T-25
flasks were trypsinized (ThermoFisher), resuspended in DMEM supplemented with 10%
FBS (ThermoFisher) and 1% penicillin/streptomycin before seeding on the sterilized

coverslips at a density of 5,000-10,000 cells per coverslip.

5.2.2 PDMS coverslip preparation

For ultrasound imaging experiments, cells had to be grown on PDMS coverslips, a
soft polymer, rather than glass to avoid acoustic shadowing and substantial noise in the
resulting images. Sylgard 184 silicone elastomer kit (Dow Inc.) was mixed thoroughly in
a 10:1 w/w ratio of base to curing agent and degassed in a vacuum chamber until no visible
bubbles remained. Then, 2 g of the solution was poured into a 100 mm x 15 mm petri dish,
spread evenly across the surface, and cured in a 45°C oven for 1 hr. A 4.5 mm biopsy punch
cut the PDMS into small, thin disks that were sterilized by soaking each side of the disks
in 70% ethanol for 30 minutes. Afterward, the ethanol was aspirated and the PDMS
coverslips were rinsed with sterile deionized water, then exposed to UV light for 1 hr.

Prior to culturing HEK293T cells on the PDMS coverslips, a 1 mm biopsy punch
was used to form a small hole in each coverslip, which served as an alignment marker for

subsequent ultrasound imaging and helped position the focal point of the single-element
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transducer (the transducer responsible for inducing PFCnD phase transitioning to gaseous
microbubbles). Then, the coverslips were soaked in 20% poly-D-lysine diluted with PBS
and incubated in a 37°C cell culture incubator for a minimum of 1 hr and up to 24 hr. After
incubating, the poly-D-lysine was aspirated and the coverslips were allowed to air dry in a

biological safety cabinet for several minutes.

5.2.3 HEK293T Cell Culture onto PDMS Coverslips

HEK293T cells (ThermoFisher) between passages 4-25 were first grown in T-25
tissue culture flasks until 70-100% confluent. These adherent cells were cultured in DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin. The cells were trypsinized
and suspended in DMEM before seeding on the PDMS coverslips at a density of 5,000-
10,000 cells per coverslip. Cells were allowed to acclimate to the coverslips for at least 24

hours before beginning patch clamp experiments.

5.2.4  Perfluorocarbon nanodroplet fabrication via spontaneous nucleation

All nanodroplet fabrication experiments were conducted in a biological safety
cabinet and made using sterile materials. Perfluorocarbon nanodroplets were created using
a spontaneous nucleation method as described in Li et al. and Welch et al 83341, Briefly,
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and N-(carbonyl-
methoxypolyethylyeneglycol ~ 2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine
(DSPE-PEG2000) (NOF America Corporation) were dissolved in 190 proof ethanol ina 1:1
molar ratio (1:1 DPPC:DSPE-PEG2000). The final concentration of lipids in these solutions

was 2 pM. An aliquot of this lipid stock solution was added to a 1.5 mL microfuge tube
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along with 50 puL of 2% Dil lipophilic tracer dye dissolved in ethanol, 45 pL of
perfluoropentane (PFP) and 5 pL of perfluorohexane (PFH). The solution was vortex
mixed for 10 seconds, then set out at room temperature for 15 minutes to allow excess
perfluorocarbon to settle out of solution. 200 pL of this lipid/perfluorocarbon/Dil solution
was mixed with 400 pL of lipid stock. Then, 3.4 pL of 7:2:1 water:propylene
glycol:glycerol was added to the lipid solution. The sudden addition of this hydrophilic
solution to the hydrophobic lipids caused the lipids to rapidly form micelles, encapsulating
some perfluorocarbons in the process, in a reaction called spontaneous nucleation. These
nanodroplets were centrifuged at 4500 rcf for 100 min, the supernatant discarded,
resuspended in DI water, and the process was repeated three times. Prior to the last
centrifugation, the nanodroplets were passed through a 450 nm mesh filter to eliminate any
large droplets that formed during the nucleation process, then the nanodroplets were
resuspended in patch clamp internal solution composed of (in mM): 100 K-gluconate, 30

KCI, 10 HEPES, 2 MgS0O4, 0.5 EGTA, 3 ATP.

5.2.5 Nanodroplet Injection via Patch Clamp

Patch clamp nanodroplet injection experiments took place on a Scientifica patch
clamp rig paired with an upright microscope with a 63x water immersion DIC objective, a
Dil-spectrum filter cube, 3-axis micromanipulator connected to a pressure control box for
positioning the patch pipette and controlling the pressure applied to the pipette, and a
custom-built coverslip holder with perfusion inlet/outlet (Fig. 5.2 a). The pressure applied
to the patch pipette was controlled using a LabVIEW program, where the pressure could

be modulated in 5 mBar increments between -500 to +500 mBar. Borosilicate glass
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capillaries with filaments, measuring 10 cm in length and 1 mm in diameter, were pulled
in a P-1000 micropipette puller (Sutter Instruments) to produce 5 cm-long patch pipettes
with an approximately 1 pm tip diameter and yielding 4-7 M() resistance. Coverslips
covered with HEK293T cells were placed under the patch clamp rig microscope objective
with constant perfusion of extracellular solution. Extracellular solution was composed of
(in mM): 125 NaCl, 3 KCl, 10 HEPES, 5 glucose, 1 MgCl,, 1.5 CaCl,. The microscope
objective of the patch clamp rig was focused in the z-direction such that HEK293T cells
were on the focal plane of the microscope objective. Once a cell was selected for PFCnD
injection, the microscope objective was moved several mm above the coverslip so that the
patch pipette could be positioned between the microscope objective and the coverslip
without damaging the patch pipette or the coverslip. Once the patch pipette tip was in focus
under the microscope, 10-20 mBar positive pressure was applied to observe whether
PFCnDs were expelled from the patch pipette. This helped to ensure that the patch pipette
was not clogged and that nanodroplets were close to the tip of the pipette such that, once
the patch pipette tip was connected to the cell via gigaseal and break-in, PFCnDs could be
immediately injected into the cell. 5-10 mBar positive pressure was continuously applied
as the patch pipette was lowered to the surface of the coverslip. Once the pipette tip touched
the surface of the cell membrane, indicated by a +1 MQ resistance at the pipette tip and by
visual observation of cell dimpling, the positive pressure was switched off and a -5 mBar
pressure was applied to create gentle suction between the pipette tip and the cell membrane
until the resistance between the patch pipette and the cell membrane exceeded 1 G2, known
as a gigaseal. Once a gigaseal was achieved, brief but strong suction was applied to the

patch pipette tip to achieve break-in, or rupturing of the cell membrane such that the
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internal pipette solution could interact with the intracellular components. If successful
break-in was achieved, 1-second bursts of positive pressure were applied to the patch
pipette, starting at 15 mBar, increasing in 5 mBar increments until noticeable fluid
movement from the patch pipette into the cell occurred (Fig. 5.2 b). The objective was
switched to a Dil filter cube to notice whether nanodroplets entered and spread throughout
the cell. Images were captured before and after nanodroplet injection (Fig. 5.2 ¢). The
pressure and duration required to drive PFCnDs into the cell were also noted. These patch

experiments were video recorded using screen capture software (OBS Studio) for later

analysis.
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Figure 5.2: Methods to achieve patch clamp nanodroplet injection into HEK293T
cells on glass coverslips. a. A block diagram of the equipment connected to the
Scientifica patch clamp rig that facilitated perfluorocarbon nanodroplet microinjection,
including a pressure control box and 3-axis linear actuator. b. Workflow diagram of each
step during the patch clamp and microinjection process. c. [llustrative DIC images of a
cell before and after nanodroplet microinjection and a fluorescent image of the cell
containing PFCnDs, demonstrating successful transfer of PFCnDs from the patch pipette
into the cell.
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5.2.6 Cell preparation for ultrasound imaging

After cells on PDMS coverslips were microinjected with PFCnDs using patch
clamp, the cells were fixed in 4% paraformaldehyde on a shaker plate at room temperature
for 10 minutes, then rinsed in PBS before storing at 4°C. These cells fixed on PDMS
coverslips were optically imaged using a laser scanning microscope (LSM 900, Zeiss). The
presence of cells injected with PFCnDs was confirmed via fluorescence microscopy and
the morphology of the cell was captured using a brightfield + fluorescence image. Location
of each cell near the coverslip alignment marker was noted to make cell localization during
ultrasound imaging easier.

To ensure that paraformaldehyde fixation did not alter PFCnD phase change
behavior under ultrasound insonation, PFCnDs were prepared as described in 5.2.4,
centrifuged at 4500 rcf for 100 minutes, and the resulting PFCnD pellet was resuspended
in 4% paraformaldehyde for 30 minutes. Afterward, the PFCnDs were centrifuged again at
4500 rcf for 100 minutes, the supernatant was decanted and the PFCnDs were resuspended
in PBS. These paraformaldehyde-treated PFCnDs were suspended in a 1% agarose gel at
a concentration of 107 nanodroplets/mL, then loaded into a thin walled plastic sample
holder. This sample was ultrasonically imaged as described in 5.2.7 (below) to verify that
paraformaldehyde-treated PFCnDs still phase transitioned under ultrasound insonation to

produce ultrasound contrast in B-mode images.
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5.2.7 Ultrasound Imaging Set-Up

All ultrasound imaging experiments took place in a water bath heated to 37°C.
PDMS coverslips containing fixed and PFCnD-injected HEK293T cells were suspended
in a 1% agarose gel (MilliporeSigma) and loaded into thin-walled plastic containers. A
focused single-element transducer (H-101, Sonic Concepts Inc., Bothell, WA, USA) with
a water-filled coupling cone attached, which helped to align the focus of the transducer to
the coverslip, operated at 1.05 MHz. The single-element transducer was connected to a
function generator (Agilent E4422B) and amplified with an RF power amplifier (325 LA,
E&I Ltd.). This single-element transducer set-up was used to initiate nanodroplet
vaporization in the cell on the PDMS coverslip. Orthogonal to the PDMS coverslip was a
linear array transducer (L22-8v CMUT, Philips) operating at its center frequency of 15.625
MHz and transmitting plane waves at a frame rate of 330 Hz, which captured B-mode
images of the vaporized nanodroplets at the focal spot of the focused ultrasound transducer.
Data was acquired using a Research Ultrasound system (Vantage 256, Verasonics, Inc.)
running a custom MATLAB script that synchronized the focused ultrasound pulse with the
captured B-mode image. 10 pre-activation B-mode image frames were collected as
background signal, then the single-element transducer was triggered by the Vantage 256 to
emit a 20-cycle burst sine wave at a specified pressure output to initiate ADV in the
nanodroplet-loaded cell, followed by 25 post-ADV B-mode frames. A 20-cycle burst was
selected to keep the transmission duty cycle well below 10%. Data was stored as B-mode

image frames for ADV analysis.
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5.2.8 Data Analysis

Images were analyzed of the nanodroplet-injected cells to measure nanodroplet
spread and distribution in the cell using a MATLAB script. DIC and fluorescence images
of nanodroplet-injected HEK293T cells were captured on the patch clamp rig camera using
ImagelJ software. These images were uploaded into the MATLAB script and an outline of
the cell was drawn around the cell of interest on the DIC image to create a mask. The mask
of the cell was compared to the fluorescence image with the nanodroplets inside of the cell.
These images were compared to roughly quantify the distribution of the nanodroplets
throughout the cell by calculating the percentage of the cell area that the nanodroplets took

up as well as the farthest recorded PFCnD from the injection site.

5.3  Results
5.3.1 Pressure and duration parameters for perfluorocarbon nanodroplet injection into
HEK293T cells

In our first set of experiments, HEK293T cells cultured on glass coverslips were
patch clamped and PFCnD injection was attempted. A total of 66 HEK293T cells were
patched on glass coverslips for PFCnD injection validation. The gigaseal, break-in, and
PFCnD injection success cases are listed in Table S.1. 63 of these cells resulted in a
successful gigaseal (pipette tip resistance > 1 GQ) and 55 of these cells yielded a successful
break-in (rupture of the cell membrane). 29 of the 66 attempted cells yielded successful

PFCnD injection.
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Table 5.1 Patch clamp attempts and successes at different stages of the patch clamp
process. Out of 66 patch attempts, 63 gigaseals were achieved, 55 resulted in break-
ins, and 29 yielded successful nanodroplet injection.

Total patch Successful Successful Successful
attempts gigaseal break-in PFCnD injection
# cells 66 63 55 29
% of total 100% 95.5% 87.3% 46.0%
attempts

Over 80% of the successfully injected HEK293T cells required pressures less than 100
mBar to drive the PFCnDs from the patch pipette into the cell (Fig. 5.3 a, b). However,
occasionally a 100+ mBar pressure was required to drive nanodroplets into the cell. These
higher pressures are necessary during instances when part of the cell membrane or
intracellular components like organelles clogged the pipette tip. These clogs prevented
PFCnDs from entering the cell unless substantial pressure was applied to drive both the
nanodroplets and some of the cell debris back into the cell.

We also investigated the required duration for pressure to be held such that
nanodroplets were inserted into the cell. Over half (15, 52%) of the cells only required 1
second of positive pressure to be applied in order to drive nanodroplets into the cell (Fig.
5.3 ¢). Essentially, there was some sort of minimum required pressure to overcome the
pipette clog, and once that pressure was reached, the clog was removed and PFCnD flow
from the pipette into the cell was rapid. The wide range of pressures used to insert
nanodroplets into cells (15-165 mBar) indicates that there is significant heterogeneity
between cells and the environment at the pipette tip after cell break-in. Future studies

should be conducted to narrow this pressure window so it is more predictable for
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researchers to know which pressures they should use when trying to drive PFCnDs, or other
larger nanoparticles, into cells via patch clamp. Researchers should also note that
exceeding pressures of 100 mBar increases the risk of cell rupture, as the pressure applied
to the tip is too high and if the entire clog at the pipette tip is rapidly cleared, the flow out

of the pipette at that pressure can be too immense and will cause cell damage.
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Nanodroplet Injection vs. Pressure
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Figure 5.3. Pressure and duration parameters yielding successful PFCnD
injection via patch clamp into HEK293T cells. a. Pressure vs. nanodroplet injection.
b. Cumulative distribution function of pressure required to achieve nanodroplet
injection. ¢. Duration vs. nanodroplet injection into HEK293T cells.
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Out of the 55 successful cell break-ins, nanodroplets were injected in about 53% of
those cells. There are several reasons why the success rate is not higher. Clogs at the pipette
tip were the main issue resulting in no nanodroplet entry (35% of unsuccessful PFCnD
injections). While the clogs were occasionally the result of excessive cell debris stuck at
the pipette tip, the clogs were also caused by large nanodroplets at the tip preventing any
other nanodroplets from entering the cell, even at pressures as high as 200 mBar. Clogging
occurred more often when the PFCnD solution was filtered more than 12 hours prior to
experiments. This is likely because nanodroplets slowly grow larger, even at refrigerated
temperatures, due to Ostwald ripening, or gradual expansion of larger PFCnDs caused by
molecular diffusion '*%), To keep the PFCnDs as small and monodisperse as possible, it is
crucial to filter the nanodroplets within several hours of starting the patch clamp
experiment and keeping the internal pipette solution on ice before inserting into the patch
pipette. Another cause of nanodroplet injection failure was due to too high of pressures
being used to inject the PFCnDs, resulting in rupturing of the cell from too great of a
volume entering the cell too rapidly (15% of failed injections). This typically occurred at
pressures exceeding 100 mBar. Future researchers can save time and prevent this from
occurring by ending a nanodroplet injection attempt if the pressure they are testing exceeds
100 mBar. Another culprit of unsuccessful PFCnD injection was due to a lost gigaseal,
which can occur if the cell membrane reseals on itself or if a large organelle is blocking
entrance to the cell (27% of failed injections). This occurrence is an unfortunate side effect
during patch clamping, and while gentle bursts of positive pressure can sometimes re-open
the cell membrane, the pressure application does not always work. The last cause of

nanodroplet injection failure is that no nanodroplets were present at the tip during injection.
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The PFCnDs had a tendency to travel up the pipette away from the tip, likely due to
capillary action, so to prevent this from happening it was important to constantly apply
positive pressure (+10 mBar) while descending the pipette and only pausing the pressure
when reaching the cell membrane. It was also important to visually inspect that a steady
stream of nanodroplets was exiting the patch pipette tip even under gentle pressures (+10
mBar), otherwise the concentration of PFCnDs at the pipette tip was not sufficient (Fig.
5.4 a). This flow helped ensure that no clogs caused by the nanodroplets occurred and that
nanodroplets were present at the pipette tip once the cell was broken into, thus enabling

successful injection of the nanodroplets into the cell (Fig. 5.4 b, ¢, d).
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Figure 5.4. Patch clamp nanodroplet injection procedures. a. Ensure steady stream of
nanodroplet flow out of pipette before/during patch pipette descent to cell. b. Cell during
patch clamp injection. c. Cell after patch clamp injection. d. Fluorescent nanodroplets
inserted into the cell. Scale bar =5 pm.

5.3.2  Nanodroplet spread throughout HEK293T cells

A small cluster of nanodroplets at the injection site could be sufficient to locate the
cell, but for future super-resolution applications of this imaging technique, where
researchers may want to image the cell morphology itself, PFCnD spread throughout the
entire cell morphology is critical. Therefore, we wanted to understand how the PFCnDs

spread throughout the cell after injection. We developed a MATLAB script that created a
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mask over the patched cell and calculated the % area that the nanodroplets took up as well

as the nanodroplet spread from both ends of the cell (Fig. 5.5 a-d).
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Fig. 5.5. Distribution of perfluorocarbon nanodroplets post-patch clamp
microinjection. a. DIC image of a patch clamp microinjected HEK293T cell on a glass
coverslip. b. Mask over the cell to denote the cell boundaries and area. ¢. Fluorescent

image of the cell indicating position of the PFCnDs. d. Bar graph demonstrating
distribution of PFCnDs throughout the length of the cell. Scale bar = 10 um.

Quantifying spread, we noticed that the majority of cells had PFCnD spread
throughout less than 50% of the cell (Fig. 5.5 ¢, d), with only one instance of nanodroplet

spread exceeding 75% (Table 5.2). This is indicative that, although sufficient quantities of
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PFCnDs enter cells to enable cell localization with ultrasound, the nanodroplets do not
spread to all distal structures of the cell. Thus, improvements must be made to the injection
technique to ensure that the nanodroplets do spread to all portions of the cell if this
technique was to be used for cell morphology imaging. It is possible that PFCnDs would
spread more evenly throughout the cell if cells were returned to a cell culture incubator
after injection to encourage diffusive spread of the PFCnDs throughout the cell over time.
However, because patch clamp rigs are not a sterile environment, and because of the
presence of PFCnDs within the cell, we noticed cell infection several hours after injection.
Preparing the PFCnDs with sterile reagents in a biological safety cabinet did increase cell
survival time, but cell infection still occurred within 24 hr. Extra precautions must be taken
should this technique be repeated with the desire for long-term cell viability post-PFCnD

injection via patch clamp.

Table 5.2. Incidence of perfluorocarbon nanodroplets spread throughout HEK293T
cells as a function of the farthest measured nanodroplet from injection origin.

PFCnD % Spread Count
<25% 12
25-50% 12
50-75% 9
>75% 1
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We also examined whether there was a correlation between PFCnD spread throughout the
cell and the pressure used to drive PFCnD movement from the patch pipette into the cell.

We noted no correlation between the two metrics.

5.3.3 Ultrasound imaging of intracellular PFCnDs

Modifications to the experimental procedures were necessary to enable
nanodroplet-injected cell transfer to occur seamlessly from the patch clamp rig to the
ultrasound imaging set-up. For one, glass coverslips are not conducive to ultrasound
imaging experiments due to the high acoustic impedance mismatch between the glass and
aqueous environment of the ultrasound imaging set-up (Cglass = 5600 m/s and pglass = 2200
kg/m? compared to cwater = 1500 m/s and pyater= 997 kg/m?). This impedance mismatch, as
described in Chapter 2, will cause most of the incident waves to be reflected at this
boundary, preventing ultrasound imaging of the cells on the glass coverslip. Therefore, an
alternative coverslip material must be used that is better suited for ultrasound imaging
experiments. Once we felt confident in our capabilities to inject PFCnDs into HEK293T
cells with our patch clamp parameters and protocol, we began growing the HEK293T cells
on PDMS coverslips. PDMS is a soft and flexible polymer with impedance values more
conducive to acoustic imaging (cepms = 1076.5 m/s, ppdams = 920 kg/m? compared to Cwater
= 1500 m/s and pwater = 997 kg/m?) (1461, However, PDMS is extremely hydrophobic and
requires surface treatment to grow cells on it successfully. We achieved this by first
sterilizing the PDMS coverslips by soaking them in 70% ethanol for 30 minutes, flipping
the coverslips halfway through so that all surfaces were sterilized. Once the ethanol was

aspirated and the coverslips rinsed with PBS, the coverslips underwent UV exposure. This
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helps to make the PDMS surface more hydrophilic ['47]. The final step to make these PDMS
coverslips conducive for cell adhesion and proliferation was to soak the coverslips in a
20% poly-d-lysine solution, diluted with PBS, for at least 1 hour at 37°C. At this point, the
poly-d-lysine can be aspirated and HEK293T cells immediately cultured onto the
coverslips for patch clamp experiments. HEK293T cells cultured on PDMS coverslips
tended to have a more rounded appearance than those cultured on borosilicate glass
coverslips (Fig. 5.6 a, b). This is likely because the PDMS surface is still more hydrophobic
than borosilicate glass, even after all surface treatments and modifications, and thus the
cells are less capable of spreading fully on the surface. However, these cells were still
adherent to the coverslips, and we were able to patch clamp and microinject nanodroplets

into these cells with relative ease.

Figure 5.6. HEK293T cell morphology grown on PDMS coverslips versus glass
coverslips. HEK293T cells grown on PDMS coverslips (a) exhibit a rounder
morphology than HEK293T cells grown on glass coverslips (b). Scale bar = 10 pm.
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Using PDMS as a coverslip material, rather than glass, has the added benefit that
modifications can be made to the shape and features of the coverslip for improved
ultrasound imaging accuracy. Specifically, we realized that it would be difficult to locate
precisely where we patched each cell since the cell is not giving off acoustic contrast until
the nanodroplets inside of it are phase transitioned to gas microbubbles using a focused
ultrasound pulse. To fix this issue, we added an alignment marker on each coverslip in the
form of a 1 mm hole created by a biopsy punch (Fig. 5.7 a). The hole appears as a faint
circular inclusion on the coverslip while ultrasound imaging, so patching the cells near the
perimeter of this alignment marker ensured that our focused ultrasound transducer was

aligned to the cell we had injected with nanodroplets (Fig. 5.7 b, ¢).
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Figure 5.7. Methods for single cell localization of nanodroplet-injected HEK293T
cells on PDMS coverslips. a. Diagram of process flow for creating PDMS coverslips
seeded with HEK293T cells. b. Ultrasound imaging set-up for localizing the cell
containing PFCnDs after patch-clamp microinjection. The PDMS coverslip containing
the cell is coated with agarose and placed on an agarose-backed sample holder, aligned
with a focused ultrasound transducer to induce phase-transitioning of the PFCnDs
within the cell. A linear array transducer (L22-8v) is placed orthogonal to the set up
and directly above the PFCnD-containing cell to capture B-mode images of the phase-
transitioning PFCnDs. These images are collected and stored with a Verasonics
Vantage programmable imaging system. ¢. B-mode image of the PDMS coverslip,
which clearly shows the biopsy punch-out being used as an alignment marker to ensure
the focal point of the focused ultrasound transducer is placed in line with the location
of the PFCnD-containing cell.

After injecting PFCnDs into cells cultured on these PDMS coverslips and
suspending the coverslip in an agarose gel for submersion in a water bath for ultrasound

imaging, we learned that the cell morphology immediately changed upon addition of the
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agarose gel. Furthermore, there was an increased risk of the cells sloughing off the
coverslips during this procedure. To overcome this obstacle, we began fixing the cells to
the PDMS coverslip using a 4% paraformaldehyde solution diluted in PBS. This helped
maintain the cell morphology and keep the cell in place on the PDMS coverslip, even after
being suspending in the agarose gel (Fig. 5.8 a), without affecting the spread of PFCnDs

inside the cell (Fig. 5.8 b, ¢) nor impacting the PFCnD acoustic properties (Fig. 5.9).

Figure 5.8. Fixed HEK293T cells on PDMS coverslips after patch clamp
microinjection of perfluorocarbon nanodroplets. a. HEK293T cells fixed on PDMS
coverslip with agarose gel overlay does not impact cell morphology. b. brightfield +
fluorescence and e¢. fluorescence only images of HEK293T cell post-patch clamp
microinjection of PFCnDs. Scale bar =5 um.
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Figure 5.9. Phase transitioning of perfluorocarbon nanodroplets after fixation in
4% paraformaldehyde. PFCnDs are suspended in a 1% agarose gel at a concentration
of 107 nanodroplets/mL. PFCnDs still exhibit phase-transitioning properties after
paraformaldehyde fixation when insonated with the focused ultrasound transducer at 3
MPa peak negative pressure.

Once these modifications were made, we were able to ultrasonically image HEK293T cells
injected via patch clamp with PFCnDs. First, we optically validated that the coverslip
contained a HEK293T cell with PFCnDs inside, and we noted the location of that cell with
reference to the alignment marker (Fig. 5.10 a). The coverslip was then loaded into the
sample holder, covered in 1% agarose gel, and placed in the water bath for ultrasound
imaging. We constantly recorded images with the linear array transducer to ensure that we
were properly aligned with the sample and single-element focused ultrasound transducer,
and that the alignment marker was visible and in alignment. Using the single-element
transducer at its optimized operating frequency of 1.05 MHz and transmitting 6.5 MPa of
peak negative pressure, we noticed repeated appearance and disappearance of a bright spot
within the region of the patched HEK293T cell containing PFCnDs. This signal was

indicative of the PFCnDs phase transitioning to gas microbubbles under ultrasound
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insonation from the focused ultrasound transducer. Nanodroplet activity was noted every
time the focused ultrasound transducer was triggered to transmit its signal (Fig. 5.10 b).
This occurrence is the first demonstration of ultrasound imaging of a single cell using
PFCnDs as an ultrasound contrast agent, and the first example of ultrasound imaging of
cells after patch clamp microinjection of PFCnDs into the cell. The proof of concept of this
technique has significant implications for researchers seeking to study cell activity and cell
location in deep tissue structures, and even has potential for super-resolution of single cell
morphology using microinjection of PFCnDs into cells. However, substantial work must
be done to increase the throughput of ultrasound images of cells by streamlining the
procedure of generating these nanodroplet-injected cells, properly aligning them for
ultrasound imaging, and validating sufficient nanodroplet injection and spread within the
cell. Furthermore, more work must be done on the image reconstruction technique used to
analyze this cell imaging data if single-cell super-resolution ultrasound imaging were to

ever be realized.
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Figure 5.10. Patch clamp microinjected HEK293T cell fixed on a PDMS coverslip
produces ultrasound contrast. a. Fixed HEK293T cell on a PDMS coverslip with Dil-
tagged PFCnDs inside. b. Ultrasound images pre-insonation (left) and post-insonation
(right) demonstrating PFCnDs phase-transitioning to gas microbubbles in the fixed
HEK293T cell located on the coverslip, with zoomed in images to highlight the
ultrasound contrast. Focal region is indicated in red dashed circle and alignment marker
is in blue dashed circle. Scale bar = 20 um.

5.4  Discussion

Single-cell imaging using PFCnDs inserted into cells via patch clamp
microinjection can be a useful technique for ultrasound imaging and has many potential
applications. For example, cells can be injected with these nanodroplets in vivo and studied
within the subject. A subset of cells can be microinjected via patch clamp and then placed
into an in vivo environment to study their migration within the subject. Another potential
application is super-resolution imaging using techniques like ultrasound localization
microscopy or other acoustic STORM/PALM analogs. As mentioned previously, PFCnDs
can stochastically expand and recondense in sparse subsets in an acoustically analogous
manner to the fluorophores in PALM and STORM, meaning PFCnDs could be imaged in

this manner to achieve super-resolution imaging of cells and tissue structures. Already,
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several research groups have produced work on super-resolution imaging within tissues
using PFCnDs, and super-resolution ultrasound imaging is a growing interest of many
research groups.

These research findings are the first to demonstrate perfluorocarbon nanodroplet
injection into living mammalian cells using patch clamp. The combination of these two
techniques creates potential research avenues for cellular imaging of neurons after patch
clamp microinjection of these ultrasound contrast agents. As one example, neuroscience
researchers are trying to uncover what happens to various cells within the brain over short
and long-term time spans, including in disease models such as Alzheimer’s disease or
Parkinson’s disease. The current imaging techniques for in vivo cell activity is fluorescence
microscopy by tagging certain cells with a fluorescent marker and studying the growth and
movement of that cell in brain tissue through a thinned skull of a mouse, rat, or other animal
model. This technique has unveiled unique recruitment of microglia in Alzheimer’s mouse

models within the cortex [14®

1. However, because of inherent light penetration limitations
in tissue, only the most superficial layer of brain cells can be imaged and requires
substantial surgery (skull thinning, replacement of skull with glass slide) to image. Moving
away from optics and towards ultrasound for cellular imaging could be the key to achieve
single-cell, deep tissue imaging if used in conjunction with patch clamp microinjection to
reach those deep cells and inject the necessary contrast agent.

However, there are some challenges associated with this technique that must be
addressed to expand the use cases, particularly for in vivo applications. For one, as noted

in 5.3.2, the nanodroplets do not spread uniformly and evenly throughout the cell after

injection. While this is not a problem for cell localization, it can be an issue if this technique
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is to be used for cell morphology reconstruction using ultrasound localization microscopy
or other super-resolution imaging techniques as some nanodroplets may not be present at
the distal structures of the cell, preventing an accurate representation of the cell
morphology. Additionally, the cell can become unhealthy after being injected with these
nanodroplets. Some cell health experiments were conducted as part of this study. If the
nanodroplets are not fabricated in a sterile environment (i.e., a biological safety cabinet)
cell degradation will occur immediately after injection. After creating new, sterile solutions
and fabricating all of the PFCnDs in a biological safety cabinet, we noted that cells were
stable for about 12 hours. Afterward, notable cell infection and cell death was reported.
This infection could be caused by the non-sterile patch clamp environment, but also could
be due to stress on the cell caused by foreign materials being inserted into it or caused by
a poor interaction of an ingredient used to fabricate the PFCnDs with the cell. We noted
that cells, after microinjected with a GFP plasmid only, were able to survive post-patch
clamp microinjection for 3 days and continue undergoing cell division (Fig. 5.11).
Therefore, while the patch clamp environment’s lack of sterility may contribute to the cell
infection after PFCnD microinjection, the PFCnDs are likely the main reason why cells
appear unhealthy 12+ hours after the procedure. Further studies must be conducted to

determine how to increase cell survival periods after PFCnD injection.
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Figure 5.11. Cell viability after patch clamp microinjection. HEK293T cells patch
clamp microinjected with GFP plasmid after 12 hours (left) and after 3 days (right).
Cells appear healthy and capable of generating daughter cells that contain and express
the GFP plasmid. No signs of infection were noticed after 3 days post-patch clamp.
Scale bar =20 pm.

Another potential issue with this technique is the stability of nanodroplets in vivo
and the pressures required to induce phase transitioning of the PFCnDs from droplets into
gas microbubbles. As mentioned previously in this work, the PFCnDs could enlarge and
cause clogs at the pipette tip. This PFCnD swelling is likely the cause of Ostwald ripening,
hence why it is crucial to filter the PFCnDs before insertion into cells. However, if this
Ostwald ripening was to occur inside the cells themselves, it could lead to the formation of
large nanodroplets, eventually forming microdroplets and potentially causing harm within
the cell. For example, if a perfluorocarbon with a lower boiling point is used (e.g.,
perfluorobutane, bp =-1.7°C), the larger droplet formed via Ostwald ripening is more likely
to spontaneously expand into a gas microbubble than PFCnDs containing a
perfluorocarbon with a higher boiling point. If this were to occur within a cell, the rapid

expansion of such a large droplet could cause permanent damage to the cell. With regard
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to pressures required to induce phase transitioning, we tried to use higher boiling point
perfluorocarbons to improve stability within the cell at physiological temperatures (e.g.,
perfluoropentane, bp = 29°C and perfluorohexane, bp = 56°C). However, using these
perfluorocarbons meant that we needed to use pressures and frequencies that exceeded the
MI limit of 1.9, indicating that these experiments would not be safe to perform in vivo.
Changes can be made to the nanodroplet composition to prevent this from happening as
much as possible, like using lower boiling point perfluorocarbons or working with slightly
larger nanodroplets (300 nm diameters rather than 200 nm), but this causes issues regarding
Ostwald ripening and stability at biological temperatures. The above problems are not
unique to only this application of perfluorocarbon nanodroplets. One of the likely culprits
as to why perfluorocarbon nanodroplets are not FDA approved, despite being around for
over 20 years, is the high pressures required to induce phase transitioning. Ideally, new
materials or phase-transitioning nanodroplet fabrications will be created that overcome

some of these limitations and thus we would be able to see these PFCnDs used in the future.

5.5  Conclusions

This work made crucial strides towards single cell localization and imaging using
intracellular perfluorocarbon nanodroplets. We demonstrate repeatable PFCnD injection
into HEK293T cells using patch clamp and describe recommendations based on pressure
and duration settings that can be applied to successfully achieve nanodroplet injection
while providing troubleshooting tips to improve reliability of this technique. Furthermore,
we outline a protocol for seamless transition of injected HEK293T cells from the patch

clamp rig to an ultrasound imaging set-up by switching to PDMS coverslips with a I mm
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alignment marker, fixing the cells on the PDMS coverslip to prevent morphology changes
and potential cell loss. We end the chapter with the demonstration of cell localization using
ultrasound imaging by identifying a bright spot appearing periodically post-ultrasound

insonation near a coverslip alignment marker.
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Chapter 6
CONCLUSIONS AND FUTURE DIRECTIONS
6.1  Review of Findings

Collectively, the work described herein expands the use of ultrasound contrast
agents towards intracellular imaging applications. Chapter 2 provided background
information on the physics of ultrasound contrast agents, in particular gas microbubbles
and perfluorocarbon nanodroplets, but also focusing on the newer gas vesicles and genetic
expression of these gas vesicles in mammalian cell lines. Chapter 2 also reviews patch
clamp and its use as a small molecule delivery mechanism during electrophysiology
experiments. Chapter 3 describes our work towards simplifying mARG integration in
mammalian cell lines by making the mARG sequence drug selectable (mARGgs). We
demonstrate that HEK293T cells can produce gas vesicles at sufficient levels to generate
ultrasound contrast through doxycycline-induced mARGqys expression and antibiotic
treatment to eliminate any cells that failed to integrate the mARGgs construct. This
eliminates the need to use FACS or single cell cloning, reducing the cost, time, and effort
required to generate gas vesicle-producing mammalian cells.

Chapters 4 and 5 explore an alternative contrast agent useful for single cell
ultrasound imaging by focusing on the perfluorocarbon nanodroplet ultrasound contrast
agent. In Chapter 4, we explore the lipid shell parameter space of PFCnDs by varying the
amounts of PEGylated and non-PEGylated lipids in the PFCnD lipid shell. First, these
nanodroplets were fabricated using a spontaneous nucleation technique and underwent
different methods of size-exclusion separation to eliminate large droplets, which could

skew the nanodroplet dynamics if significant quantities of larger nanodroplets (>300 nm
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diameters) were present. Next, we determined that PFCnDs with an equal molar ratio of
non-PEGylated and PEGylated lipids in the shell appeared to produce the strongest B-mode
ultrasound contrast, smallest nanodroplets, and had the largest pressure differential
between ADV onset and IC onset amongst all nanodroplet types tested. These results
demonstrate that the 50:50 non-PEGylated:PEGylated PFCnDs possess the ideal shell
composition if the desired use case is for biomedical imaging, especially for in vivo
imaging, due to its bright signal and reduced risk of inertial cavitation. Nanodroplets with
this lipid shell composition were used in Chapter 5, where we utilized patch clamp for
single cell injection of PFCnDs into HEK293T cells. We first worked with HEK293T cells
cultured on glass coverslips and studied the pressure and time parameters needed to drive
PFCnDs from the patch pipette into the cell. We identified key causes of patch clamp
injection failure, even after successful cell break-in. We also describe in this chapter a
protocol for direct transfer of PFCnD-injected HEK293T cells from the patch clamp rig to
an ultrasound imaging set-up by switching to PDMS coverslips, fixing the cells to the
coverslip to prevent changes to the cell morphology and to prevent the cells from migrating
off of the coverslip once embedded in a gel phantom, and use of alignment markers for aid
in positioning the sample aligned to the focal point of the single element transducer, which
is used to phase transition the liquid PFCnDs into gas microbubbles for ultrasound imaging.
We conclude Chapter 5 by demonstrating single-cell localization via repeated ultrasound

insonation of the PFCnDs contained within a cell on a PDMS coverslip.
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6.2 Implications and Future Directions
6.2.1 Gas vesicle expression in pluripotent stem cells

The next direction of our research with gas vesicle expression in cell lines is
towards implementing mARGyqs expression in pluripotent stem cells for imaging during
stem cell therapies. At the moment, various forms of stem cells are being investigated in
clinical trials for treatment of numerous diseases, including blindness caused by macular
degeneration, cartilage and bone regeneration to improve back pain, and spinal cord repair
(1991 While it is promising that there are so many Phase I and Phase II clinical trials of
various stem cell therapies, many of these trials fail and to this date the only approved stem
cell treatment is hematopoietic stem cell transplant. One issue is the risk of these
transplanted stem cells forming tumors in vivo 3%, Another issue lies in the host’s immune

response to these stem cells 1511521,

Lastly, there are issues with monitoring where the
transplanted cells migrate to and how they proliferate. Researchers can use fluorescent
markers to study cells at superficial tissue levels, but it is challenging to monitor
transplanted cells in deep tissue regions. Gas vesicle expression in stem cells using mARGs
could overcome this obstacle and enable researchers to visualize and track cell behavior
and migratory patterns over long periods of time with noninvasive ultrasound imaging.
Unfortunately, significant challenges remain in achieving successful gas vesicle
expression after stably transfecting iPSCs with mARGgs. Already, we have attempted to
generate gas vesicle-expressing iPSCs using both the first generation and second

generation of mARGs. While we have demonstrated some amount of mARGgs expression

by optically confirming GFP expression in transfected iPSCs, these cells failed to produce
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any ultrasound contrast, and gas vesicles were not observable under phase contrast
microscopy even after several days of doxycycline treatment. This may be indicative of the
fact that, while the gas vesicle proteins are being generated by the cell, they are not properly
assembling into gas vesicles. Further research must be conducted to improve the ease in
which mammalian cells, especially iPSCs, integrate and express mARGs in order for this
research pathway to continue. While recent work by Mikhail Shapiro’s research group has
demonstrated progress since the first generation of mARGs from 2019, and our research
has improved mARG integration by creating drug selectable mARGs, more work must be

done to make this technique more broadly applicable 411,

6.2.2  Super-resolution ultrasound imaging of single cells

Super-resolution ultrasound imaging is an exciting field that requires the use of gas-
filled contrast agents. Since the development of PALM and STORM imaging, two non-
linear optical imaging technique that improved the resolution of fluorescently labeled
microscope images by two orders of magnitude (100’s of nm to single nm resolution),
ultrasound researchers have been working to develop an acoustic analog to this technique.
The closest researchers have gotten to this goal is ultrasound localization microscopy
(ULM), which tracks microbubble movement in blood vessels. With ULM, researchers
have been able to reconstruct microvasculature in a mouse brain with pm-scale resolution
(100-fold improvement). However, since microbubbles are primarily restricted to
vasculature, work must be done to achieve super-resolution imaging using other ultrasound
contrast agents. Some research has been done using perfluorocarbon nanodroplets to

achieve precise localization of these PFCnDs contained within tissue phantoms, and
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micron-scale resolution has been achieved with various image processing techniques of
these PFCnDs. Furthermore, a theoretical paper described the feasibility of sub-micron
ultrasound image resolution using an 18 MHz transducer and PFCnDs [*°1. However, no
work has been done to localize PFCnDs to cells for ultrasound imaging applications. If
PFCnDs are added to cells, which up until recently was typically achieved through surface
treatment of the PFCnDs to encourage cell uptake, the PFCnDs are then insonated to cause
inertial cavitation, thus destruction of the PFCnD itself for the release of a payload within
the nanodroplet. To our knowledge, no work has been done towards ultrasonic single cell
localization or cellular imaging with micron-scale resolution using PFCnDs. Additionally,
no experimental work has physically realized sub-micron scale resolution in ultrasound
images using PFCnDs or any other ultrasound contrast agent.

Because there is such a gap in the field, we are excitedly exploring the potential of
using PFCnDs for super-resolution imaging of cells. This work describes necessary first
steps towards isolating PFCnDs into single, targeted cells using patch clamp and other steps
required to achieve ultrasound imaging of these cells in vitro. Eventually, we would like to
expand this research towards both in vivo imaging of single cells and towards super-
resolution of single cells, in vitro and in vivo, to reconstruct a cell’s morphology using
ultrasound imaging only. Substantial work must still be done to elucidate the necessary
image reconstruction steps for achieving this super-resolution as well as proper nanodroplet
injection and distribution conditions within the cell. Furthermore, for in vivo applications,
the safety and stability of intracellular PFCnDs must be further investigated. To explore
long term PFCnD safety in cells, future experiments include cell viability trials, which will

require nanodroplet microinjection into cultured cells on coverslips and subsequent
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suspension in Matrigel or another matrix scaffold for sustained cell and tissue culture.
Along with the PFCnDs, a GFP plasmid will be added to the microinjector internal
solution. Once cells are injected with PFCnDs and GFP plasmid, they will be removed
from the coverslip using trypsin, suspended in Matrigel, and transferred to an ultrasound
imaging sample holder. After exposure to repeated focused ultrasound pulses at pressures
sufficient to induce PFCnD droplet vaporization, the Matrigel cell suspension will be
placed in cell culture media and transferred to a cell culture incubator for at least three
hours. After this period, the Matrigel cell suspension will be optically imaged using
fluorescence microscopy to check for the presence of GFP-expressing cells that also
contain the Dil-tagged PFCnDs. If these cells are present, this will be indicative that cells
could withstand the ultrasound imaging conditions necessary for cell localization and
super-resolution imaging, as demonstrated by successful GFP plasmid expression. If these
cells are not present, experimental conditions must be altered to guarantee cell health after
ultrasound imaging, which may include changes to PFCnD composition, insonating
pressures used, and the duration of ultrasound exposure. If cell viability and super-
resolution image reconstruction experiments are successful, the use of ultrasound and

contrast agents for single cell super-resolution imaging could become a reality.
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6.2.3 Ultrasound contrast agents for brain imaging and therapies

Ultrasound imaging of gas vesicles and PFCnDs contained within neural cells of
an animal model could help researchers answer many of the greatest questions that puzzle
neuroscientists to this day. With PFCnDs, if they can be injected into single neurons using
in vivo patch clamp, it is feasible that the morphology and location of the cell could be
studied in situ over multiple days or weeks, thus answering questions regarding learning,
neuroplasticity, new synapse formation, or migration of certain cell types like microglia
within the deep brain. Some optical studies have conducted multi-week investigations of
how microglia travel throughout the surface of the brain within an aging, Alzheimer’s
model mouse !'*¥], However, because of tissue penetration limits of light, these studies can
only be conducted on the most superficial layers of the brain. Ultrasound’s capability to
penetrate deeper into tissue is an immense strength in this case, and being able to capture
micron or sub-micron resolution images of cell structures in deep tissue would create huge
strides in the neuroscience field.

One of the biggest limitations to any sort of brain imaging using ultrasound
techniques is the presence of the skull. The skull substantially scatters ultrasound, and
higher amplitude acoustic waves can cause local heating and potential damage to the bone
and nearby tissue. Even if an acoustic wave of sufficient amplitude penetrates through the
skull, it cannot reflect off objects of interest within the brain tissue and pass back through
the skull for the transducer to receive without substantial loss and permutation to the
incident wave, making it nearly impossible to reconstruct an ultrasound image. Additional
work on acoustic metamaterials could enable minimally invasive or non-invasive deep

tissue brain imaging by eliminating the need to thin or remove the skull before imaging.
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We have conducted work on acoustic metamaterials that could enable through-skull
imaging by using a tunable circuit to match the density and bulk modulus of the skull such
that ultrasound can travel past the skull and penetrate into tissue without loss (Fig. 6.1). By
creating a non-Hermitian complementary metamaterial (NHCMM) with the negative
density and bulk modulus of the skull, we simulated that acoustic waves could penetrate
through the skull with minimal loss ['>3]. More recently, we published a paper focused on
a tunable NHCMM that, if designed to match the shape and thickness of the skull, can
enable bidirectional ultrasound transmission through the non-uniform skull section;
without matching the skull shape, the acoustic metamaterial does not work (Fig. 6.2) [154],
Coupling these acoustic metamaterials with either gas vesicles or perfluorocarbon

nanodroplets could enable long-term, in vivo imaging of cells in deep brain regions.
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Figure 6.1: Non-Hermitian complementary metamaterial (NHCMM) for
noninvasive ultrasonic brain imaging. a. Schematics of the NHCMM when applied
for ultrasound imaging through an intact skull. b. Simplified model of acoustic wave
propagation through the combined skull and NHCMM layers. Figure replicated from

Ref. 153.
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Figure 6.2: NHCMM matching of sloped skull conditions. a. Illustration of the skull
sloping model used in full wave simulations. Plane wave incidence from the top of the
subfigure. Reflected pressure fields are taken in the black dashed rectangles with the
pressure amplitude recorded on the red dashed line. b. Scattered pressure field from
imaging through a skull with an internal slope of 1.67% compensated by a flat
metamaterial. ¢. Scattered pressure field from imaging through a skull with a larger
internal slope of 3.33% compensated by a flat metamaterial. d. Scattered pressure field
from imaging through a skull with a 1.67% slope compensated by a metamaterial with
the mirrored skull geometry. e. Scattered pressure field from imaging through a skull
with a 3.33% slope compensated by a metamaterial with the mirrored skull geometry.
The color bars represent pressure amplitudes in Pa. Figure replicated from Ref. 154.

Further work must be conducted to determine the best way to deliver the ultrasound
contrast agents to the brain if we were to pursue this research path. Non-invasive methods
of delivering drugs past the blood brain barrier (BBB) have exploited microbubbles to
temporarily create pores in the BBB for drugs to pass through 1531, This same technique
could be used for gas vesicles or PFCnDs to enter brain tissue. For more targeted delivery
of contrast agents, cells expressing mARGs could be transplanted into the brain tissue
through craniotomy, or single-cell patch clamp could insert PFCnDs into cells within deep

brain regions of an animal subject. However, these methods are fairly invasive.
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