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Abstract

Acoustic cavitation can be used to temporarily disrupt cell membranes for intracellular delivery
of large biomolecules. Termed sonoporation, the ability of this technique for efficient intracellular
delivery (7.e., >50% of initial cell population showing uptake) while maintaining cell viability
(7.e, >50% of initial cell population viable) has proven to be very difficult. Here, we report

that phase-shift nanoemulsions (PSNESs) function as inertial cavitation nuclei for improvement

of sonoporation efficiency. The interplay between ultrasound frequency, resultant microbubble
dynamics and sonoporation efficiency was investigated experimentally. Acoustic emissions

from individual microbubbles nucleated from PSNEs were captured using a broadband passive
cavitation detector during and after acoustic droplet vaporization with short pulses of ultrasound
at1, 2.5 and 5 MHz. Time domain features of the passive cavitation detector signals were
analyzed to estimate the maximum size (Rmax) Of the microbubbles using the Rayleigh collapse
model. These results were then applied to sonoporation experiments to test if uptake efficiency

is dependent on maximum microbubble size before inertial collapse. Results indicated that at

the acoustic droplet vaporization threshold, Rmax Was approximately 61.7 + 5.2, 24.9 + 2.8, and
124 +£2.1 mmat 1, 2.5 and 5 MHz, respectively. Sonoporation efficiency increased at higher
frequencies, with efficiencies of 39.5 + 13.7%, 46.6 + 3.28% and 66.8 + 5.5% at 1, 2.5and 5
MHz, respectively. Excessive cellular damage was seen at lower frequencies because of the erosive
effects of highly energetic inertial cavitation. These results highlight the importance of acoustic
cavitation control in determining the outcome of sonoporation experiments. In addition, PSNEs
may serve as tailorable inertial cavitation nuclei for other therapeutic ultrasound applications.
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INTRODUCTION

The cell membrane inhibits intracellular delivery of numerous large bioactive agents
including DNA, RNA, proteins and drugs. Ultrasound-stimulated microbubble activity (7.e.,
acoustic cavitation) has been reported to permeabilize cell membranes for bioactive agent
delivery in a process termed sonoporation (Lentacker et al. 2014). Sonoporation relies on
the ability of oscillating microbubbles to generate stresses at the cellular level through
microstreaming and or rapid microbubble expansion and collapse (Coussios and Roy 2008;
Leighton 1994; Lentacker et al. 2014; Neppiras 1980; Zhou et al. 2012). As the gatekeeper
to the interior of the cell, the cell membrane’s integrity can be compromised by mechanical
forces generated near the cell during acoustic cavitation (Fan et al. 2012; Kudo et al. 2009;
Ohl et al. 2006; Wamel et al. 2006; Zhou et al. 2009). This process can be reversible or
irreversible (/.e., leading to cell death) depending on the intensity and duration of activity
(Hallow et al. 2006; Lai et al. 2006).

Depending on the application, the definition of efficient delivery may vary depending on the
desired outcome. Delivery of a payload to a large fraction of the initial cell population may
be necessary for agents that utilize cellular machinery, such as DNA, RNA and proteins.
The goal in this scenario was to achieve high intracellular delivery with minimal cell death
(e.g., genetic modification or cellular reprogramming). Alternately, it may be beneficial to
destroy a large fraction of the cell population and achieve delivery to the remaining viable
cells (e.g., drug delivery to cancer cells). A retrospective review and analysis of documented
sonoporation studies by Liu et al. (2012) concluded that sonoporation has been an inefficient
method for delivery of biomolecules to cultured cells /n vitro (/.e., did not achieve delivery
to >50% of the initial cell population) without significant cell death (7.e., >50% of the initial
cell population killed during sonoporation). This has been a major hurdle in the use of
sonoporation, and researchers have begun to address this issue with careful experimental
design and cavitation control (Burgess and Porter 2015; Carugo et al. 2015; Dixon et al.
2013; Fix et al. 2017; Sengupta et al. 2014; Seya et al. 2015; Song et al. 2015).

A recent study by Burgess and Porter (2015) achieved high sonoporation efficiency with

the use of phase-shift nanoemulsions (PSNEs) as acoustic cavitation nuclei. PSNEs are
liquid perfluorocarbon (PFC) nanoparticles that can change phase from liquid to vapor when
exposed to ultrasound in a process called acoustic droplet vaporization (ADV) (Kripfgans

et al. 2000). By using a passive cavitation detector (PCD) during their sonoporation
experiments, Kripfgans et al. detected broadband acoustic emissions indicative of inertial
cavitation throughout the ultrasound exposure. This acoustic cavitation activity was found to
permeabilize cell membranes for uptake of a large biomolecule in a dose-dependent manner
(7.e., increasing uptake with increasing inertial cavitation activity). Although cell viability
decreased with increasing cavitation activity, cell death was minimal at optimal experimental
parameters (7.e., >80% cell viability). In general, inertial cavitation is associated with erosive
and damaging effects that can be detrimental to cells (Hallow et al. 2006; Lai et al. 2006;
Sundaram et al. 2003). Therefore, we proposed to further explore the role inertial cavitation
has in sonoporation efficiency with PSNEs. Ultrasound frequency and pressure are the

two most critical parameters that affect the intensity of inertial cavitation, as predicted by
acoustic cavitation theory (Apfel 1981; Apfel and Holland 1991; Holland and Apfel 1989).
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Consequently, exploring the frequency-dependent effects of ADV of PSNESs, could provide
insight into the high cell viability measured in the study conducted by Burgess and Porter
(2015). The authors used a 5-MHz transducer in the study, which is a higher frequency than
traditionally has been used in sonoporation studies (i.e. f <1 MHz) (Liu et al. 2012). We
hypothesized that the microbubble dynamics of inertial cavitation nucleated from PSNEs,
and thus sonoporation efficiency, were a function of ultrasound frequency.

In this study, we used a broadband PCD to capture frequency-dependent acoustic emissions
from individual microbubbles derived from PSNEs at the ADV threshold. Short pulses

of ultrasound were used throughout the study to elicit a transient microbubble response.

By analyzing the time traces of the PCD, we were able to approximate the extent of
microbubble expansion (Rmax) and, therefore, the intensity of inertial collapse. These
results were then applied to sonoporation experiments to test if the approximated Rmax

was related to the sonoporation efficiency. We hypothesized that lower frequencies would
allow microbubbles to achieve a larger Rmnax because of the longer rarefactional periods

of the ultrasound wave, thus giving the microbubble more time to grow and store energy
during expansion. This should lead to a decrease in sonoporation efficiency caused by
excessive cellular damage on inertial collapse. In the sections that follow, we detail how
PSNEs were fabricated and how the bubble dynamics post-vaporization were examined.

In addition, the details of frequency-dependent sonoporation experiments are presented
along with definitions of uptake, viability and uptake efficiency for direct comparison of
results between different ultrasound frequencies and frequency-dependent bubble dynamics.
Finally, the results of the study are presented along with a detailed discussion of the
frequency-dependent acoustic cavitation properties of PSNEs in relationship to sonoporation
efficiency.

METHODS

Phase-shift nanoemulsions

Phase-shift nanoemulsions were fabricated using a three-step hydration, sonication

and extrusion procedure (Burgess and Porter 2015; Kopechek et al. 2012).

The stabilizing phospholipid shell of the PSNEs consisted of 1,2-dipalmitoyl-
sr-glycero-3-phosphocholine and 1,2-distearoyl-sr-glycero-3-phosphoethanolamine- A-
[methoxy(polyethylene glycol)-2000] (ammonium salt) (DSPE-mPEG2000) (Avanti Polar
Lipids, Alabaster, AL, USA) at a 9:1 molar ratio. The lipids were weighed out in a 7-mL
glass vial and dissolved in a small amount of chloroform (Sigma-Aldrich, St. Louis, MO,
USA). The chloroform was slowly evaporated with a stream of argon to leave the residual
lipid film on the side of the vial. The remaining chloroform was removed by placing the vial
in a vacuum desiccator overnight. The lipid film was subsequently hydrated with phosphate-
buffered saline (PBS) (Boston Bioproducts, Ashland, MA, USA) and placed in a 50°C
water bath for 1 h with periodic mixing and sonication in an ultrasonic bath (Cole-Parmer,
Vernon Hills, IL, USA). The solution of lipid vesicles was then sonicated with a high-power
sonication tip (Sonic & Materials, Newtown, CT, USA) for 1 min to produce a clear solution
of small lipid vesicles at a lipid concentration of 1 mg/mL.
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Phase-shift nanoemulsions were fabricated by adding 100 zL of perfluoropentane (PFP,
29°C boiling point) (Synquest Labs, Inc., Alachua, FL, USA) or perfluorohexane (PFH,
55°C boiling point) (Synquest Labs, Inc.) to 3 mL of the lipid solution and sonicating with a
high-power sonication tip (Sonics & Materials, Inc.) while the vial was partially submerged
in an ice water bath. To prevent heating, a pulsing regime of 10 s on, 20 s off, for a total

on time of 1 min, was used. This opaque suspension was then added to 7 mL of cold PBS
and pressure extruded 10 times through two stacked 200-nm polycarbonate filters using an
extruder (LIPEX, Northern Lipids Inc., Burnaby, BC, Canada). Excess lipid vesicles were
removed by three centrifugal washes for 5 min at 3000g, and then the PSNE pellet was
resuspended with PBS. PSNEs were stored at 4°C and used for up to a week.

Tunable resistive pulse sensing with the gNano (I1zon Science Ltd., Cambridge, MA,

USA) was used to determine the size and concentration of PSNEs. The gNano allows
particle-by-particle counting and sizing of submicron particles as they pass through a
stretchable nanopore. A NP200 nanopore (diameter range: 100-400 nm) was used along
with 200-nm carboxylated polystyrene standards of known size and concentration for
calibration. The PSNEs were diluted 1000-fold in filtered PBS, and at least 1000 nanopore
blockade events were recorded at three different pressure-driven flow regimes according to
the manufacturer’s instructions. This was repeated with 200-nm standards using the same
instrument settings to determine the size and concentration of PSNEs.

Acoustic droplet vaporization threshold

The vaporization of PSNEs as a function of peak negative pressure and frequency

was investigated using the experimental arrangement illustrated in Figure 1a. A PSNE
suspension was sonicated with a focused ultrasound (FUS) transducer submerged in

a degassed water bath heated to 37°C (Fig. 1a). A broadband (0.015-15 MHz),
cylindrically focused transducer (Y-102, Sonic Concepts) was used as a PCD and positioned
perpendicular to and confocally with the FUS transducer. Three FUS transducers were
used to sonicate the PSNE suspension at center frequencies of 1 MHz (H-102, Sonic
Concepts, Bothell, WA, USA), 2.5 MHz (H-108, Sonic Concepts) and 5 MHz (SU-108,
Sonic Concepts). Free-field pressure calibrations of each FUS transducer at the focal

point were performed with a 75-um needle hydrophone (Precision Acoustics, Dorchester,
Dorset, England). Peak negative pressure measurements were made up to 1 MPa and then
extrapolated out to higher pressures using a linear fit. The transducers were driven using

a 55-dB radiofrequency power amplifier (Electronics & Innovation, Rochester, NY, USA)
and waveform generator (Agilent Technologies Inc., Santa Clara, CA, USA). PSNEs were
diluted into partially degassed (~30% dissolved oxygen), de-ionized water inside a custom-
made enclosure with weakly attenuative sides (Tegaderm, 3M, St. Paul, MN, USA) at a
concentration of 109 PSNEs/mL. The enclosure was submerged into the heated water bath,
and a magnetic stir bar was placed inside for mixing of PSNEs during the experiments.

The peak negative pressure threshold for ADV of PSNEs at each frequency was determined
by sonicating the PSNE suspension with FUS pulses at a 100-Hz pulse repetition frequency.
A peak negative pressure range of 4 to 8 MPa was used for each ultrasound frequency. At
each pressure step, the output from the PCD was routed through a 15-MHz low-pass filter
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(Allen Avionics Inc., Mineola, NY, USA), pre-amplified 40 dB (Model DHPVA-100, Femto,
Berlin, Germany) and digitized at 50 MS/s with a 14-bit oscilloscope board (GaGe Corp.,
Lockport, IN, USA). A total of 100 individual time traces were captured at each pressure
step for post-processing. A custom MATLAB (The MathWorks, Natick, MA, USA) program
was used for instrument control and automation of data collection and analysis. ADV of
PSNEs was determined by defining a voltage threshold within the gated region of the PCD
time trace corresponding to acoustic emissions emanating from the focal zone of the FUS
transducer based on time of flight. Below the ADV threshold, the PCD signal contained
low-amplitude reflections from interfaces along the FUS path. When the ADV threshold was
reached, the PCD signal amplitude within the gated region increased by more than 10-fold
because of active scattering of the incident FUS pulse by the newly created microbubbles,
thus confirming an acoustic cavitation event had occurred. The data for each pressure step
were defined as the percentage of signals containing a cavitation event and plotted versus
peak negative pressure. A sigmoidal function was used to fit the data in a manner similar

to that used in previous studies identifying the acoustic cavitation threshold of micron-sized
PFC droplets (Fabiilli et al. 2009). For the purpose of this study, we sought to approximate

a pressure threshold for each frequency and then select a single pressure exceeding the
threshold at all frequencies for the subsequent sonoporation study.

We define acoustic cavitation event and ADV of PSNEs interchangeably, because a
cavitation event could also result from the host liquid or any other stabilized gas bodies
present. Control experiments without PSNEs were performed in partially degassed (~30%
dissolved oxygen), de-ionized water to identify the baseline amount of cavitation in the host
liquid. Additional control experiments were performed with PFH PSNEs, which reportedly
have a higher ADV pressure threshold than PFP PSNEs (Zhang and Porter 2010). Therefore,
they serve as a control to ensure that cavitation events are not originating at the interface
between the PSNEs and host liquid.

Analysis of acoustic emissions from individual microbubbles

Methods similar to that of Ammi et al. (2006) were employed to analyze the acoustic
emissions from individual PSNEs during and after ADV. Temporal features of the PCD
signal were analyzed to provide information about microbubble growth, collapse and
rebound. Inferences were made about microbubble dynamics after ADV and its relationship
to excitation frequency.

Passive cavitation detector signals from each frequency were analyzed at the pressure that
resulted in ~10% of the PCD signals having an acoustic cavitation event. This allowed

time traces of individual ADV events to be examined. In Figure 2a is an example PCD
signal from the ADV of PSNEs using 1-MHz ultrasound at a peak negative pressure of

5.6 MPa. Intra-excitation emissions are defined as acoustic emissions that occur during

the passage of the excitation waveform, whereas post-excitation emissions occur after the
transmitted excitation waveform has propagated through the PCD focal volume. Because
these emissions occur after the excitation waveform has passed, they are hypothesized to
arise from the inertial collapse and rebound of the newly formed microbubble (Fig. 2b). The
temporal features of the PCD time traces were used to estimate Rnax USing the Rayleigh
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collapse model. This model considered the collapse of an empty cavity (no gas or vapor)
located inside an incompressible fluid (Leighton 1994; Rayleigh 1917). The maximum
radius, Rmax. is defined as

te Polp W

Rmax = 575

where £, Ay and p are the collapse time, hydrostatic pressure and liquid density, respectively.
As stated by Neppiras (1980), this is the simplest model for a collapsing spherical cavity,
and all transient cavities start their collapse like this and, hence, are called Rayleigh-like.
Equation (1) was used to predict the maximum radius of the microbubbles after ADV by
equating the time delay between the intra-excitation and first post-excitation emission as 2,
as illustrated in Figure 2b.

Frequency-dependent sonoporation

The experimental methods in this section follow the conventions put forth by Liu et al.
(2012). A suspension of cells containing PSNEs and fluorescein isothiocyanate—dextran
(FITC—dextran, average molecular weight: 20 kDa, Sigma-Aldrich) was exposed to FUS at
a peak negative pressure of 6.5 MPa, which was above the ADV threshold of PSNEs for all
frequencies. Flow cytometry analysis after the ultrasound exposure was used to determine
the sonoporation efficiency at the three FUS frequencies. A cell proliferation assay was

also performed 24 hr post-FUS exposure as another metric of cell viability and provided
information on how well the cells recover over time. Lastly, mock exposures were performed
in the setup described in Figure 1a using the same FUS parameters to characterize the
acoustic cavitation activity during sonoporation experiments.

Sonoporation experiments were conducted using an experimental system similar to our
previous work (Burgess and Porter 2015). As illustrated in Figure 1b, the system consisted
of an FUS transducer submerged in a partially degassed, de-ionized water bath heated

to 37°C. A three-axis micrometer positioning system (ThorLabs Inc., Newton, NJ, USA)
was used to manipulate the FUS transducer position and place the focus within the cell
suspension. The cell suspension was housed in a 1.5-mL polypropylene microcentrifuge
tube and submerged into the water bath. This provided a sterile environment inside the
tube, while providing an acoustic path for transmission of FUS into the suspension.

Focal placement was achieved by using micron-sized PFC droplets for visualization of the
resultant bubble cloud after ADV.

The same three FUS transducers used for determining the ADV threshold of PSNE were
used for sonoporation experiments. A 55-dB radiofrequency power amplifier (Electronics

& Innovation) and waveform generator (Agilent Technologies Inc.) were used to drive

the transducers. The ultrasound parameters were 5-cycle pulses, 6.5-MPa peak negative
pressure, 250-Hz pulse repetition frequency and 100-s treatment duration. The peak negative
pressure used for these experiments was above the ADV threshold for all frequencies and
resulted in consistent ADV of PSNEs (/.e., 100% of the PCD signals contained cavitation
events). Pressure calibrations of the FUS transducers were carried out with a modified
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microcentrifuge tube to compensate for the attenuation. A program written in MATLAB was
used for instrument control and automation of sonoporation exposures.

Human breast adenocarcinoma cells (MDA-MB-231) were grown to confluence in 75-cm?
tissue culture flasks. Dulbecco’s Modification of Eagle’s Medium (DMEM, MediaTech Inc.,
Manassas, VA, USA) was used as the base culture medium and supplemented with 10%
fetal bovine serum (Atlanta Biologics Inc., Flowery Branch, GA, USA), 2% L-glutamine
(MediaTech Inc., Manassas, VA, USA) and 1% penicillin streptomycin (MediaTech

Inc.). Cells were harvested using trypsin-EDTA (MediaTech Inc.) and counted using a
hemocytometer (Hausser Scientific, Horsham, PA, USA). Cell culture medium without fetal
bovine serum was used to re-suspend cells, and aliquots of 250,000 cells (19 y1.) were added
to 1.5-mL microcentrifuge tubes and incubated at 37°C. Before FUS exposure, cells were
mixed with PSNEs (1 L) and FITC—dextran (5 L), which resulted in concentrations of 10°
PSNEs/mL and 10 4M FITC—dextran, respectively.

By use of the same experimental system to examine the acoustic emissions of individual
PSNEs (Fig. 1a), mock sonoporation exposures were performed using the same FUS
parameters and PSNE concentrations as described in sonoporation experiments. Acoustic
cavitation was not monitored during sonoporation experiments to avoid high-amplitude
scattering from the microcentrifuge tube that would dominate the PCD signal. This allowed
isolation of intra- and post-excitation emissions from microbubbles for a unique comparison
of cavitation activity between different ultrasound frequencies. The PCD signals (25,000
individual time traces) were collected at each frequency and post-processed in MATLAB.
For each FUS frequency group, the signals were processed by summing up the amplitude
envelope of all 25,000 individual time traces. This provides information related to when
acoustic cavitation activity occurred in time (/.&., collapse times) and the strength of that
activity (/7.e., cumulative amplitude). The cumulative signals were further analyzed by
integrating regions corresponding to intra- and post-excitation emissions. This provides a
single value that can be compared across groups to understand the relationship between
acoustic cavitation and sonoporation efficiency.

Quantification of bio-effects

Immediately after the FUS exposure, cells were resuspended in fresh cell culture medium
and allowed to incubate at room temperature for at least 5 min. Cells were then washed
with PBS and resuspended with cold PBS at a concentration of 108 cells/mL. Propidium
iodide (PI) (Sigma-Aldrich) was added at a concentration of 4 pg/mL to stain non-viable
cells. Cells were incubated on ice for 15 min before flow cytometry analysis (FACS
Calibur, BD Biosciences, San Jose, CA, USA). Given that the flow cytometer operates

at a constant flow rate, data were collected for 1 min to compare the total number of cells
counted between control and treatment groups. A reduction in the total number of counted
cells indicates that a fraction of cells were destroyed by acoustic cavitation. Cells were
analyzed further using the FL1 (green channel, FITC—dextran) versus FL3 (red channel,
P1) scatterplot. Fluorescence thresholds on FL1 and FL3 channels were defined to identify
cells that internalized FITC—dextran and were viable, respectively. The reported cell viability
was defined as the total number of viable cells divided by the total number of cells in
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control exposures. The reported uptake was defined as the total number of viable cells with
intracellular FITC—dextran divided by the total number of viable cells. Lastly, the reported
uptake efficiency was defined as the total number of viable cells with intracellular FITC-
dextran relative to the total number of cells in control exposures. The control exposures were
cells that were mixed with FITC—dextran and PSNEs, but not exposed to FUS. All control
groups and non-control groups consisted of at least three replicates for determination of

cell viability, uptake and uptake efficiency. The values were reported as means + standard
deviations, and a Student’s #test was applied to the data; a o < 0.05 was considered

to indicate significance. A cell proliferation assay (MTT cell proliferation assay, ATCC,
Manassas, VA, USA) was also used on treated and non-treated cells to access metabolic
activity and cell proliferation after FUS exposure. Cells were resuspended with 1 mL of cell
culture medium after washing with PBS and added to 12-well tissue culture plates. Cells
were incubated for 24 h, and then the MTT assay was then performed according to the
manufacturer’s instructions with three replicates for each group. Given that cell proliferation
requires viable and functional cells, this assay captures how well the cells recover over time
versus the acute effects revealed through PI staining.

RESULTS

As previously reported by Burgess and Porter (2015) and Kopechek et al. (2012), the
synthesis steps for PSNEs resulted in a narrow size distribution with a typical mean diameter
of 213 + 31.4 nm and a concentration of 2.0 x 101 PSNEs/mL. A representative particle
size distribution has 10% of the population below 180.1 nm (o = 180.1) and 90% of the
population below 250.4 nm (dgg = 250.4). Figure 3 illustrates the results for determination
of the ADV threshold of PFP PSNEs at 1 MHz (Fig. 3a), 2.5 MHz (Fig. 3b) and 5 MHz
(Fig. 3c). As the peak negative pressure of the FUS was increased, the occurrence of
acoustic cavitation events increased until all transmitted pulses generated cavitation. As a
comparison, the occurrence of cavitation events in control experiments with PFH PSNEs
and no PSNEs remained constant with increasing peak negative pressures. This indicated
that vaporized PFP PSNEs were the primary source of cavitation and not the host liquid or
the interface between the PSNE and host liquid. It should be noted that acoustic cavitation
events were seen in control experiments because of the inability to obtain perfectly clean,
filtered water without stabilized gas bodies or imperfections to serve as acoustic cavitation
nuclei. This baseline amount of cavitation was low and more evident at lower frequencies,
as shown with the increased standard deviations in Figure 3a. The ADV threshold of
PSNEs was defined as the peak negative pressure that resulted in ~10% of the PCD signals
containing an acoustic cavitation event. Table 1 summarizes the results; the ADV pressure
thresholds were 5.6, 5.9 and 4.6 MPa at 1, 2.5 and 5 MHz, respectively.

As illustrated in Figure 2, the PCD signal contained intra- and post-excitation acoustic
emissions indicative of microbubble collapse and rebound. Figure 2b is an illustration of
the proposed features seen in the PCD signals. Intra-excitation emissions contained scatter
at the incident waveform frequency, but also a collapse spike. It is assumed that nucleation
occurs during the peak negative cycle of the excitation waveform and the microbubble
immediately undergoes growth followed by a collapse during the peak positive cycle. The
microbubble then undergoes another growth phase during the subsequent peak negative
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cycle, gaining enough momentum to continue through the remainder of the excitation
waveform and reach a maximum radius (Rmay) after passage of the FUS wave. At this

point the microbubble experiences an unforced collapse because of the in-rushing liquid
surrounding the microbubble. Ensuing post-excitation rebounds and collapses occur after
the main collapse from Rpyay. The PCD signals were further analyzed at the ADV pressure
threshold for each FUS frequency. Figure 4 illustrates the FUS excitation waveforms, PCD
time traces and power spectra of the PCD time traces for each FUS frequency. It was
hypothesized that the received passive cavitation signal contains mainly scatter from the
incident waveform and broadband emissions radiated during bubble collapse. The broadband
energy is evident in all power spectra in Figure 4, as illustrated by the increase in the noise
floor by roughly 30-40 dB. Figure 4C does seem to have the most broadband content,
perhaps because the collapse strength is strongest at | MHz. Any harmonic content (7,

21y, 31, ete) is from the newly created bubble scattering the incident waveform. The
harmonic content in Figure 4F may be due to the increased non-linearity of the incident
waveform at 2.5 MHz. As the frequency of the FUS was increased, the occurrence of the
first post-excitation spike occurred earlier in time, therefore denoting a shorter collapse time
and smaller Rnax. Using the notation described in Figure 2, Table 1 summarizes the results
for the collapse time and estimated Ryqx for each frequency using eqn (1). The estimated
Rmax Was 61.7 £5.2,249+2.8and 12.4 + 2.1 ym at 1, 2.5 and 5 MHz, respectively.

To apply these results to sonoporation experiments, mock exposures were performed using
the setup in Figure 1a and FUS parameters used in sonoporation experiments. Figure

5 illustrates the results of the PCD’s cumulative signal strength in the intra- and post-
excitation regions of the PCD time trace. The integrated cumulative emission strength in
both regions decreased with increasing frequency, as outlined in Table 1. Intra-excitation
emissions contained scatter from the remainder of the incident waveform, and therefore, the
width of the cumulative emission strength decreased with increasing frequency because of
shorter acoustic periods. As illustrated in Figure 5b, more signal strength was detected in
the post-excitation region at lower frequencies, which suggests more intense microbubble
collapses associated with larger microbubble expansions.

As illustrated in Figure 6a, cell viability was inversely related to FUS frequency. Analysis
of post-excitation bubble dynamics suggests that bubbles produced by PSNE vaporization
undergo larger expansion and collapse more violently at lower frequencies. The cumulative
effect of violent bubble collapses can fragment or irreversibly damage cells, dramatically
reducing cell viability. Bubble collapse was less intense at higher frequencies, and thus,
more cells survived. Reversible disruption of cell membranes, or sonoporation, would
provide a pathway for FITC—dextran to diffuse into the cell cytoplasm. Two metrics

were defined to compare sonoporation across frequencies: uptake percentage and uptake
efficiency. As illustrated in Figure 6b, the uptake percentage exceeded 60% for all

FUS frequencies and approached 90% for 1-MHz exposures. However, 1-MHz exposures
fragmented and killed more than 50% of the starting cell population. When accounting

for cell loss, the uptake efficiency at 1 MHz was approximately 40% and increased with
frequency, approaching 70% for 5-MHz exposures (Fig. 6¢). These results suggest that the
extent of PSNE-nucleated inertial cavitation damage to cell membranes can be modulated
through selection of ultrasound frequency.
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DISCUSSION

In the work described here, we sought to understand the unique acoustic cavitation
properties of PSNEs and their relationship with sonoporation efficiency. PSNESs act as
controlled acoustic cavitation nuclei because of their ability to remain in a superheated,
metastable state until sufficient negative pressure is reached within the PSNE core to
nucleate phase conversion from liquid to vapor (Kripfgans et al. 2000). Recent research has
pointed to the suppression of homogeneous nucleation as the likely mechanism for PSNE
stability (Mountford and Borden 2016). It is well known that nucleation of vapor bubbles
can be suppressed by emulsifying droplets of a volatile liquid in an immiscible non-volatile
liquid (Apfel 1971; Avedisian 1985; Shepherd and Sturtevant 1982). PFCs are characterized
as being extremely hydrophobic, and therefore, PFC-in-water emulsions are ideal candidates
for this scenario (Riess and Riess 2001). Because there are no motes or crevices along the
interface of the two fluids, the nucleation process is inhibited until sufficient heating and or
a pressure decrease has occurred within the droplet core to cause homogeneous nucleation.
This inhibition acts to shift the boiling point of the PFC to the spinodal curve, where
researchers have found that submicron PFC droplets can exist up to approximately 90% of
their critical temperature (Mountford et al. 2015a, 2015b). From these results, Mountford
and Borden (2016) concluded that the energy barrier for homogeneous nucleation was the
stabilizing effect of submicron droplets.

The ADV threshold curves in Figure 3 illustrate this controlled nucleation behavior, where
significant increases in acoustic cavitation activity occurred over a narrow peak negative
pressure range at a fixed temperature. This points to the existence of a critical peak negative
pressure that must be reached before ADV can occur. At this threshold, a limited number

of PSNEs are subjected to this tensile stress, which led to limited detection of acoustic
cavitation events. As the negative pressure was increased, the focal volume that is at or
above this threshold increased and, therefore, more acoustic cavitation events were detected.
This explains the saturation effect of the ADV threshold curve, where consistent ADV

of PSNEs was achieved on every FUS transmit. Given that the PSNE concentration was
sufficiently high, the likelihood of PSNEs in the focal volume was high.

Previous researchers have reported that the ADV threshold decreases with increasing
frequency for PFC droplets with compositions similar to those of PFP PSNEs (Kripfgans et
al. 2000; Schad and Hynynen 2010; Williams et al. 2013). Shpak et al. (2013) were able to
uncover the mechanism of ADV of micron-sized droplets using high-speed optical imaging
and theoretical predictions. It was determined that ADV was initiated by superharmonic
focusing of the ultrasound wave within the droplet, leading to enhanced pressure reduction
inside the droplet where ADV is initiated (Shpak et al. 2013). This focusing effect was
shown to increase with increasing ultrasound frequency and begins to explain previous
studies that reported a decreased ADV threshold with increasing frequency. Other groups
have found an increase in the ADV threshold for increasing frequency using PFC droplets
with size distributions similar to those of the PSNEs used in this study (Martin et al. 2012;
Sheeran et al. 2013; Vlaisavljevich et al. 2015). It is important to note that the study by
Shpak et al. (2013) was performed with micron-sized droplets, and it is unknown if the
superharmonic focusing mechanism is applicable to submicron droplets. The results of our
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study contradict these findings and indicate no frequency dependence on the ADV threshold.
We hypothesize that this, along with the ADV threshold curves (Fig. 3), points to the
existence of a critical peak negative pressure that must be reached within the PSNE core to
initiate ADV, regardless of the acoustic frequency. Future studies will aim to determine if a
link exists between the acoustic frequency and ADV threshold of submicron droplets.

A major focus of this work was studying the post-excitation dynamics of microbubbles
produced from PSNE vaporization. Numerous other researchers have characterized post-
excitation bubble dynamics to better understand single-bubble sonoluminescence (Matula et
al. 1998), collapse of lithotripsy and histotripsy bubbles (Cleveland et al. 2000; Kreider et al.
2011; Macoskey et al. 2018; Vlaisavljevich et al. 2015) and inertial cavitation of ultrasound
contrast agents (Ammi et al. 2006; King et al. 2010; King and O’Brien 2011). According to
the ideal gas law, phase change in PSNEs will result in a microbubble with an equilibrium
radius, Ry, that is approximately five times the original diameter of the PSNEs (Sheeran et
al. 2011). Assuming that all of the PFC is converted into vapor and there is no influx of
water vapor or dissolved gas from the surroundings, a 200-nm-diameter PSNE will transition
into a 1-um-diameter microbubble with a free bubble resonant frequency of ~10 MHz. It

has been reported that PFC bubbles formed within the first few cycles of a multicycle
vaporization pulse can respond to subsequent cycles (Sheeran et al. 2013). We speculated
that the bubbles resulting from PSNE vaporization would have a strong response to later
cycles given that the peak negative pressure used in this study (Fpnp = 6.5 MPa) far exceeded
the inertial cavitation threshold predicted by Apfel and Holland (1991) for a 1-4m gas body
(Ponp < 1.0 MPa for £= 1-5 MHz). Moreover, it was hypothesized that the response would
vary inversely with frequency. Because the acoustic period is longer at lower frequencies,
newly formed microbubbles have more time to grow during the rarefactional period and,

as a result, collapse at a later time point. As illustrated by the PCD traces in Figure 4, the
acoustic emissions associated with bubble collapse were received at earlier time points as the
frequency was increased, thus supporting the hypothesis.

This explanation can be further supported by the concepts put forth by Apfel (1981), who
developed an analytical estimate to predict the maximum radius of a microbubble under
dynamic forcing of an acoustic wave. This approximation is valid only if the acoustic
period is much shorter than the start-up times associated with inertial and viscous effects.
Apfel (1981) therefore defined an inertial radius, £, where significant growth can occur for
microbubbles with an equilibrium radius, R, less than A:

1 [Pa— Py

-, |4 -° 2
4f p

Ry

where 7, Pa, Py and p are the frequency, acoustic pressure, hydrostatic pressure and liquid
density, respectively. At the ADV pressure threshold for each frequency used in this study,
R, is approximately 3.36, 7.62 and 18.56 ym at 5, 2.5 and 1 MHz, respectively. By using the
Rayleigh—Plesset equation, Apfel (1981) contended that Rmax could be estimated as

2 2 2 1/3
Rmax=W(Pa_PO) P_Pa[l-’_?’_Po(Pa_PO) ©)]
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By use of eqn (3), the Rmax of microbubbles nucleated from PSNEs can be compared with
the values predicted using Rayleigh collapse model in eqgn (1), which rely on experimental
approximations to define the collapse time. Equation (2) predicts an Rmax of approximately
74,31 and 12.5 1m at the ADV thresholds for 1, 2.5 and 5 MHz, respectively. Alternatively,
if the predicted R,y Values calculated with the Rayleigh collapse model (eqn [1]) are used
to test if the ADV pressure threshold is the same for each frequency, excellent agreement

is found. Using an acoustic pressure of 4.55 MPa for all frequencies leads to R,y values
of approximately 62, 24.8 and 12.4 ym at 1, 2.5 and 5 MHz, respectively. The agreement
with Apfel’s (1981) derivation points to the fact that vaporized PSNEs act as prompt inertial
cavitation agents. Apfel (1981) goes on to further explain that the “violence” of an inertial
cavitation event is tied to the maximum size of the bubble, which corresponds to the energy
stored in the liquid before collapse. Equation (2) is independent of the initial microbubble
size and depends only on the acoustic pressure and frequency. This assertion may explain
the frequency-dependent sonoporation efficiency results. Because the acoustic pressure was
fixed, the varying ultrasound frequency has a direct effect on the “violence” of the inertial
cavitation activity by changing Rmax- Thus, there was a transition of inertial cavitation from
being too violent at 1 MHz to milder at 5 MHz, and we noted a corresponding increase in
cell viability.

Studies with micron-sized PFC droplets have shown contradictory results to rapid expansion
and collapse of microbubbles as seen with ADV of submicron droplets. Stable bubble
oscillations and non-inertial collapse have been consistently seen using optical and acoustic
measurement systems (Sheeran et al. 2013; Shpak et al. 2013). PFC droplets with diameters
ranging from 1 to 10 zm would result in bubbles with diameters of approximately 5-50

4m and resonant frequencies of 1.35-0.1 MHz, respectively. In the typical ultrasound
frequency range of 1-10 MHz, these microbubbles will not respond rapidly to an ultrasound
pulse. In this situation, the bubble would be insonified above its resonant frequency in an
inertia-controlled regime. This would explain the studies by Fabiilli et al. (2009) that have
shown ADV of micron-sized PFC droplets can occur with or without inertial cavitation.

For the large bubbles formed after ADV, inertia effects dominate the initial growth, which
increases the inertial cavitation threshold. It takes much more force (/.e., pressure differential
across the bubble wall), on much longer time scales (/.e., acoustic period length), to achieve
significant microbubble expansion.

Further acoustic cavitation control could be achieved through the use of different PFC
cores. Researchers have found that PSNE can be formulated with PFCs that have varying
boiling points, which changes the pressure threshold for ADV (Sheeran et al. 2012). For
higher-boiling PFCs, the ADV threshold would increase and provide controlled activation
of more violent inertial cavitation. Conversely, lower-boiling PFCs could be used to reduce
the required peak negative pressure and decrease the intensity of inertial cavitation or
completely eliminate it (Sheeran et al. 2014). This could be important for applications
that utilize PSNEs for contrast-enhanced ultrasound imaging (Williams et al. 2013). The
combination of lower peak negative pressures and higher frequencies (>5 MHz) could
provide controlled activation of stable cavitation for utilization of non-linear ultrasound
imaging modes. It was also recently found that vaporizable emulsions made with low-
boiling-point PFC could be used for sonoporation of cultured cells (Fix et al. 2017). The
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results reported in this study suggest that efficient and non-lethal sonoporation is achievable
through a combination of vaporizable PFC nanoemulsions and relatively high-frequency
ultrasound (=5 MHz). This is counterintuitive to conventional thought in which lower
frequencies are utilized to increase the likelihood of inertial cavitation. However, as reported
in this study, the use of lower frequencies can lead to more intense inertial cavitation,

which ultimately kills more cells and reduces sonoporation efficiency. Collectively, these
studies indicate the potential for tailoring cavitation-mediated sonoporation and associated
bio-effects through rational selection of emulsion PFC cores and acoustic parameters,
particularly excitation frequency. Future studies will focus on the translation of these
concepts to /n vivo scenarios with medium properties similar to blood and tissue.

CONCLUSIONS

Controlled inception of inertial cavitation can be obtained through the use of FUS and
PSNEs. PSNEs remain in a metastable state until sufficient negative pressure is reached
within the PSNE core to trigger homogenous nucleation. With the PSNE composition used
in this study, the ADV process occurs over a narrow peak negative pressure range, and

the subsequent microbubble dynamics are predictable based on the FUS frequency. All

the frequencies used in this study led to prompt nucleation of inertial cavitation above the
ADV threshold, with lower frequencies causing more extensive microbubble expansion. This
led to a drop in sonoporation efficiency at lower frequencies because of excessive cellular
damage caused my highly energetic inertial collapse. These results highlight the need for
acoustic cavitation control and indicate that not all inertial cavitation activity is the same.
Additionally, other therapeutic ultrasound techniques may benefit from the unique acoustic
cavitation properties of PSNE.
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Fig. 1.

Experimental setups used for detecting frequency-dependent acoustic emissions (a) during
and after ADV of PSNEs and (b) frequency-dependent sonoporation efficiency. (a) FUS
transducers were submerged in a heated bath of degassed, de-ionized water and used to
interrogate a PSNE suspension (10° PSNEs/mL) with short pulses of FUS (5 cycles, 4-8
MPa peak negative pressure and 100-Hz pulse repetition frequency). Acoustic cavitation
emissions were captured with a broadband PCD and post-processed to understand the
dynamics of microbubbles derived from PSNEs after ADV. (b) A cell suspension containing
cancer cells, PSNEs (10%/mL) and mock biomolecule FITC-dextran (10 M) were placed

in a microcentrifuge tube and submerged in a heated bath of degassed, de-ionized water.
FUS (5 cycles, 6.5-MPa peak negative pressure, 250-Hz pulse repetition frequency and
100-s treatment duration) was then used to vaporize PSNESs and promote acoustic cavitation
activity within the cell suspension for intracellular delivery of FITC-dextran. ADV =
acoustic droplet vaporization; FITC = fluorescein isothiocyanate; FUS = focused ultrasound,;
PCD = passive cavitation detector; PSNE = phase-shift nanoemulsions.
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Fig. 2.
(a) An example time trace from the passive cavitation detector revealing intra- and post-

excitation acoustic emissions relative to the focused ultrasound excitation waveform during
the acoustic droplet vaporization of a single phase-shift nanoemulsion. The excitation
waveform was a 1-MHz pulse at a peak negative pressure of 5.6 MPa. The waveform

was measured using a calibrated hydrophone at a lower peak negative pressure (~1 MPa).
(b) Hypothesized microbubble dynamics in relation to the temporal characteristics of the
time trace. It is theorized that the microbubbles undergo rapid growth to a maximum radius
(Rmax), followed by multiple collapses and rebounds after acoustic droplet vaporization of
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phase-shift nanoemulsions. The collapse time (%) is defined as the time between the first
intra-excitation collapse spike to the first post-excitation collapse spike.
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(a?c) Acoustic droplet vaporization (ADV) threshold of phase-shift nanoemulsions (PSNE)
as a function of the focused ultrasound (FUS) peak negative pressure at 1 MHz (a), 2.5
MHz (b), and 5 MHz (c). Using the experimental set-up in Figure 1a, a PSNE suspension
(10° PSNE/mL) was interrogated with pulsed FUS (5 cycles, 4-8 MPa peak negative
pressure and 100-Hz pulse repetition frequency), and acoustic cavitation emissions were
simultaneously recorded with a broadband passive cavitation detector. PFP and PFH PSNEs
were interrogated along with water (no PSNE) as a control. Results are depicted as the
percentage of signals containing an acoustic cavitation event versus the peak negative
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pressure of the focused ultrasound. A total of 100 individual time traces were captured at
each pressure step for post-processing. The ADV threshold was defined as the peak negative
pressure that resulted in 10% of the signals containing acoustic cavitation events and was
5.6,5.9and 4.6 MPa at 1, 2.5 and 5 MHz, respectively. PFH = perfluorohexane; PFP =
perfluropentane; PSNEs = phase-shift nanoemulsions.
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Fig. 4.

Agoustic emissions from individual PSNEs after acoustic droplet vaporization with focused
ultrasound at frequencies of (a—c) 1 MHz, (d—f) 2.5 MHz and (g-i) 5 MHz. (a, d, g)
Focused ultrasound waveform for each frequency as measured with a needle hydrophone at
a peak negative pressure of ~1 MPa. (b, e, h) Recorded time traces detected by the passive
cavitation detector during and after acoustic droplet vaporization of single PSNEs. (c, f,

i) Frequency content of the recorded time traces. The focused ultrasound pulse parameters
were 5 cycles at peak negative pressures of 5.6, 5.9 and 4.6 MPa for 1, 2.5 and 5 MHz,
respectively. PNP = peak negative pressure; PSNEs = phase-shift nanoemulsions.
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Fig. 5.

Cumulative acoustic cavitation emissions during mock sonoporation experiments. PSNEs
(109/mL) were interrogated with focused ultrasound using the experimental setup in

Figure 1a and FUS parameters used in sonoporation experiments (5-cycle pulse, 6.5-MPa
peak negative pressure, 250-Hz pulse repetition frequency and 100-s treatment duration).
Cumulative signal strength from intra-excitation and post-excitation emissions was isolated
by summing up the amplitude envelope of all 25,000 individual time traces. This provides
information related to when acoustic cavitation activity occurred in time (/.e., collapse
times) and the strength of that activity (/.e., cumulative amplitude). PSNE = phase-shift
nanoemulsion.
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Fig. 6.

Rglationship between the FUS frequency and outcome of sonoporation experiments using
PSNEs. The FUS parameters were fixed at 5 cycles, 6.5-MPa peak negative pressure,
250-Hz pulse repetition frequency and 100-s exposure duration. (A) Cell viability measured
using a cell proliferation assay 24 h after focused ultrasound exposure (MTT assay) or
immediately after the exposure with flow cytometry and PI staining. (B) Percentage of
viable cells exhibiting uptake of mock biomolecule fluorescein isothiocyanate-dextran (20
kDa) after FUS exposure. (C) Uptake efficiency, which is the percentage of viable cells
with uptake relative to the total number of initial cells, at the three FUS frequencies. FUS =
focused ultrasound; PI = propidium iodide; PSNEs = phase-shift nanoemulsions.
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