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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 col-
lapse 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 com-
pared to nanodroplets with lower proportions of PEGylated lipids in the lipid shell. PFCnDs with a lipid shell com-
posed of 50:50 PEGylated to non-PEGylated lipids yielded the highest B-mode image intensity and duration, as well
as the greatest pressure difference between acoustic droplet vaporization onset and inertial cavitation onset. We dem-
onstrate 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. © 2022 Acoustical Society of America.
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I. INTRODUCTION

Lipid shelled microbubbles have been used as Food and
Drug Administration (FDA) approved ultrasound contrast
agents for several decades (Schneider 1999; Goertz et al.,
2007; Faez et al., 2011). These gaseous structures ranging in
size from 1 to 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 tis-
sue background signal (Goertz et al., 2003). The use of
microbubbles has enabled super-resolution ultrasound imag-
ing of microvasculature in deep tissue structures, including
the brain, muscles, and kidney (O’Reilly and Hynynen,
2013; Errico et al., 2015; Song et al., 2018; Yu et al., 2018).
Microbubbles can also be utilized for ultrasound-mediated
drug delivery to blood clots and endothelial cells (Lentacker
et al., 2009; Lensen et al., 2011). However, there are several
drawbacks to microbubble contrast agents. Their size limits
them to the bloodstream, and they cannot extravasate into
tissue via inter-endothelial gaps in blood vessels
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(Matsunaga et al., 2012). Microbubbles are also unstable,
only lasting minutes in the body before dissolution (Li et al.,
2018). In response to these issues, perfluorocarbon nano-
droplets (PFCnDs) have been developed composed of simi-
lar 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 vaporiza-
tion temperature or because the nanodroplets are in a super-
heated state (Kripfgans et al., 2000; de Gracia Lux et al.,
2017). After exposure to an ultrasound pulse with sufficient
energy, these nanodroplets phase-transition into gas micro-
bubbles and can be ultrasonically imaged using nonlinear
imaging techniques for improved contrast in the liquid or
tissue environment (Sheeran et al., 2011; Liu et al., 2017,
Jing et al., 2020). Depending on environmental conditions
and nanodroplet composition, such as the choice of perfluo-
rocarbon used and temperature of the nanodroplet suspen-
sion, 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 (Hannah
etal., 2016; Yu et al., 2016; Yoon et al., 2018). Due to their
small size (<300nm), they can extravasate into the leaky
vasculature of tumors, which have large inter-endothelial
gaps ranging from 380 nm to 2 um (Rapoport et al., 2011;
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Yin et al., 2012; Achmad et al., 2018). 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 (Williams et al., 2013; Mountford and Borden,
2016; Liet al., 2018; Ji et al., 2022). PFCnDs can be utilized
for targeted drug delivery and are superior for selective tis-
sue ablation as they facilitate targeted, deep tissue heating
without prefocal thermal delivery and damage to skin that
occurs when using microbubbles (Rapoport ef al., 2011;
Moyer et al., 2015; Cao et al., 2018; Goel et al., 2021).
Furthermore, 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 (Ishijima
etal.,2019).

The process of PFCnDs transitioning from liquid nano-
droplets to gaseous microbubbles from an ultrasound pulse
is termed acoustic droplet vaporization (ADV). The pressure
at which the nanodroplets undergo ADV can vary signifi-
cantly based on several nanodroplet properties: nanodroplet
diameter, core composition, and shell composition
(Kawabata et al., 2005; Aliabouzar et al., 2019; Yarmoska
et al., 2019). These nanodroplet properties also affect iner-
tial cavitation (IC) of PFCnDs, which is unstable bubble
collapse with a broadband noise signature (Kang et al.,
2014). So long as the core bulk 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
pressure thresholds can overlap (Schad and Hynynen, 2010;
Wu et al., 2021). Preventing IC from occurring while using
PFCnDs and microbubbles as ultrasound contrast agents
is particularly crucial for in vivo imaging due to its potential
to cause significant damage to surrounding tissues; there-
fore, 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 increas-
ing acyl length chain (Mountford et al., 2015). 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
(Yarmoska et al., 2019). Chattaraj et al. (2016) noted that
different combinations of saturated and unsaturated phos-
pholipids in combination with cholesterol affected the B-
mode acoustic intensity of PFH-core PFCnDs, possibly due
to the clustering and phases of the lipid shells (Chattaraj
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et al., 2016). From these papers, slight changes in lipid shell
composition, like the carbon chain lengths or the ratio of dif-
ferent phospholipids and surfactants, can significantly
impact size distribution and ultrasound image contrast.
However, there is limited research on how the lipid shell
impacts ultrasonically induced phase transitioning of
PFCnDs and whether the shell composition influences the
IC threshold.

In this work, we investigated the effect 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 fabri-
cating lipid shelled ultrasound contrast agents. These nano-
droplets had cores composed of either PFP, PFH, or a
combination of the two perfluorocarbons. These perfluoro-
carbons were selected to encourage recondensation of the
phase-transitioned nanodroplets; using perfluorocarbons
with lower boiling points like perfluorobutane (PFB) (boil-
ing point = —2°C) would result in microbubbles unable to
recondense in the water bath heated to 37 °C. PFCnDs fabri-
cated via spontaneous nucleation were suspended in agarose
hydrogels and insonated using a focused ultrasound trans-
ducer. A linear array transducer, synchronized to the
focused ultrasound transducer, captured B-mode images and
radio frequency (RF) data of the insonated PFCnDs, which
were used to study the vaporization and cavitation dynamics
of the nanodroplets, respectively.

Il. MATERIALS AND METHODS

A. Nanodroplet fabrication and size-exclusion
techniques

Nanodroplets were fabricated using a spontaneous nucle-
ation method as previously described by Li et al. (2018). This
fabrication method was used as it can consistently create small
(<250 nm diameter), uniform PFCnDs with no need for spe-
cialized equipment or harmful chemicals like chloroform.
Lipid stock solutions were 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-PEG,q,) (NOF
America Corp., White Plains, NY) dissolved in 190 proof
ethanol. These lipid stocks were composed of 90:10
DPPCDSPE-PEGzOO(), 50:50 DPPCDSPE-PEGZOOQ, or 10:90
DPPC:DSPE-PEG,(y. 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 PFP (FluoroMed L.P., Round Rock, TX), 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
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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 (Sen et al., 2015). A 2% solution
of Dil (a lipophilic fluorescent tracer; MilliporeSigma, St.
Louis, MO) 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 pl of this lipid/PFC/Dil solution were added to 100 ul of
lipid stock solution in microcentrifuge tubes. Then 850 ul of
a 7:2:1 water:propylene glycol:glycerol (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 sponta-
neous emulsification. From here, all samples were centri-
fuged for 80 min at 6000 x g, the supernatant was removed,
and the pellet of nanodroplets was resuspended in phosphate
buffered saline (PBS) (Corning Inc., Corning, NY).

To test the optimal filtration technique, we created sev-
eral 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 fil-
ter, centrifugated, or left undisturbed. The size and concen-
tration of these nanodroplet solutions were measured the
same day as the ultrasound experiments, which was typi-
cally ~24 h after fabrication. These were the four conditions
we tested:

e Control: No changes to nanodroplet solution after resus-
pending in PBS.

 Size-exclusion centrifugation: The nanodroplet solution
was spun down at 300 x g for Smin to allow the large
nanodroplets to settle to the bottom of the tubes. The
supernatant was recovered, and this process was repeated
three times.

e Gravity filtration: A 450nm 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 (~24h post-fabrication), the
concentration and size of the nanodroplets were measured
using a NanoSight300 (Malvern Panalytical, Worcestershire,
UK). 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.
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B. 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 1 x 10® nano-
droplets/ml (4.2 x 1075%, v/v) and loaded into thin-walled
plastic containers. A focused single-element transducer
(H-101, Sonic Concepts Inc., Bothell, WA) operating at its
third harmonic frequency of 3.5 MHz (determined by per-
forming 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 gen-
erator (Agilent E4422B, Santa Clara, CA) and amplified
with an RF power amplifier (325 LA, E&I Ltd., Rochester,
NY). A coupling cone was placed on the single-element
transducer to align the focus of the transducer to the nano-
droplet sample. This single-element transducer setup was
used to initiate droplet vaporization in the nanodroplet
sample. Orthogonal to the nanodroplet sample was a linear
array transducer (L7—4v, Philips, Bothell, WA) operating
at its center frequency of 5MHz 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. 1(a)]. Data were
acquired using a Research Ultrasound system (Vantage
256, Verasonics, Inc., Kirkland, WA) 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 back-
ground signal, and 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
IC, as longer bursts (20+ cycles) have greater chances of
phase-transitioning more nanodroplets at lower insonation
pressures while also risking IC at lower pressures (Chen
et al., 2003; Reznik et al., 2011; Guo et al., 2013; Wu
et al., 2021). This activation and imaging sequence was
repeated 20 times per pressure output, starting at the lowest
pressure (2 MPa) output and gradually ramping the pres-
sure amplitude from 2 to 9.5 MPa PNP (MI = 1-5). Data
were stored 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., Sunnyvale, CA), with RF data collected in
LabVIEW 2019 (National Instruments, Austin, TX) and
analyzed in matLaB 2020a (MathWorks, Natick, MA).
Voltage to pressure calibration of the single-element trans-
ducer 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 setup.
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FIG. 1. Methods used for B-mode image and RF data collection for ADV and IC characterization. (a) Overview of experimental setup. (b), (c), (d)

Representative B-mode images of PFCnD 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. (¢) Fourier transform of insonated PFCnDs at 2 MPa peak negative
activation pressure (black line, no ADV or IC) and at 9 MPa peak negative activation pressure (red line, evidence of IC).

C. ADV characterization

ADV was quantified by measuring the mean echo
power (MEP) of the focal spot within the imaging window,
as described by Fabiilli et al. (2009) and used in later appli-
cations. The MEP is calculated by summing the squared
amplitude of all pixel intensities within an imaging window
and then normalized by the window area as follows:

1 M
MEP(m) = WZZAU’

i=1 j=1

&)

where m is the frame number with dimensions M, N, and A
is the amplitude at pixel 7, j. The MEP of ultrasound frames
just after insonation [Fig. 1(c)] will be significantly higher
than frames preceding the activation event [Fig. 1(b)] if the
activating ultrasound sequence was powerful enough to
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induce ADV. The MEP would also significantly decrease
post-insonation after a short period if PFCnDs either recon-
densed or dissolved into the surrounding scaffold [Fig.
1(d)]. We calculated the average MEP of 20 post-activation
frames, ignoring the two frames immediately after the acti-
vating ultrasound sequence to 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, 20
><1\/IEPAV,«;, pre-activations where MEPAvg, pre-activation is the
average MEP value of the 30 pre-activation frames before
the vaporization pulse is triggered. This threshold was deter-
mined by measuring the average and standard deviation of
the pre-activation frames and selecting a multiplier that
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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 multi-
plier for the threshold value slightly (e.g., =5) does not
significantly affect the measurement. MEP intensity compari-
sons between different groups of PFCnDs were made by
determining the maximum MEP induced by the activation
pulse per activation and imaging sequence.

D. IC characterization

IC 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
second harmonic signal coming from the nanodroplets
caused by the single-element transducer (~7 MHz) and
could be used as a region to characterize the noise floor.
Since IC is typically measured by broadband acoustic emis-
sion, 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 deter-
mined 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 empiri-
cally selected in a similar manner as used in Fabiilli et al.
(2009) to distinguish an IC event from background noise
caused by the insonating focused ultrasound transducer. The
threshold for IC detection was set as

NFsample > NFbase + 3% 5NFhugga (2)

where NFgmpie is the noise floor of the sample of interest
[Fig. 1(e), red line], NFyp,s is the noise floor of the PFCnD
sample at the lowest insonation pressure (2 MPa PNP), and
ONF,,. 1s the standard deviation of the noise floor at the low-
est insonation pressure [Fig. 1(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.

E. Statistical analysis

ADYV and IC data were plotted using MATLAB, and sig-
moidal best-fit curves were fitted to the scatterplot data. The
custom equation for the sigmoidal curve isy = a + (b —a)/
[1 4 (x/c)"], where x is the pressure value; y is either the
cavitation probability or ADV intensity; ¢ and b are the
maximum and minimum y-values, respectively; c is the x-
value at the y-midpoint; and d is the slope at ¢ (Fabiilli
et al., 2009). These sigmoidal curves were used to determine
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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 cavita-
tion curve (Li et al., 2018). Box plots and statistical analysis
were conducted in R Studio. One-way analysis of variance
(ANOVA) and Tukey’s t-test were used to determine statis-
tical significance in variances between different nanodroplet
compositions.

lll. RESULTS AND DISCUSSION
A. Nanodroplet filtration

Nanodroplet composition impacts the size distribution
of the resulting nanodroplets, which can significantly influ-
ence ADV and IC thresholds (Ferri et al., 2021). If there are
large nanodroplets present in the nanodroplet suspension,
ADV can be observed at relatively low pressures as nano-
droplets with larger diameters require lower pressures to
vaporize than those with smaller diameters due to superhar-
monic focusing (Kripfgans et al., 2004; Shpak et al., 2014;
Aliabouzar et al., 2019). To eliminate particularly large
nanodroplets, centrifugation is commonly used to separate
large, coalesced nanodroplets from the rest of the sample
(Mercado et al., 2016). However, this size-exclusion tech-
nique 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 nanodrop-
lets by passing our 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
(~220nm), we would risk excluding a much higher propor-
tion of nanodroplets and, thus, significantly reduce the quan-
tity of nanodroplets in our solutions (Ullmann et al., 2019).
The control sample of nanodroplets, which did not undergo
any size-exclusion separation technique, had the largest
mean diameter and standard deviation in diameter distribu-
tion amongst the samples [Figs. 2(a) and 2(c)]. The gravity
filtered and pressure filtered nanodroplets yielded the
smallest average diameter without significantly reducing
the concentration of the sample [Figs. 2(b) and 2(c)].
To eliminate the risk of including large (>450nm) nano-
droplets in our study, all nanodroplet samples were pres-
sure filtered before being used for ultrasound imaging in
subsequent experiments.

Nanodroplets passed through a 450 nm mesh filter had
significantly smaller diameters than non-filtered and centri-
fugated 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
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FIG. 2. (Color online) Size-exclusion techniques on PFCnD diameters. (a) Size distribution of PFCnDs with a PFH core with no size separation technique

applied. Average diameter of these droplets was 217.9 + 52.2nm, 10'°

nanodroplets/ml. (b) Size distribution of PFCnDs with a PFH 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. (c) PECnDs passed through a
450 nm filter yielded nanodroplets with the smallest diameters, compared to centrifugation techniques and unmodified (control) nanodroplet samples. n = 6.

to break open and coalesce with nearby droplets (Paproski
et al., 2016). 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 24h 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 300. The mesh
filtered nanodroplets may have a slightly larger standard
deviation compared to the centrifugated and control nano-
droplets either because some nanodroplets are fractured by
the filter and the lipid shell fragments form very small
(<100nm) liposomes containing no perfluorocarbons or

(a)

240-

220-
_
£
£ 200-
1
[
2
[
£
& 180-
=}
160~
140- 10:90 50:50 90:10
DPPC: DPPC: DPPC:
DSPE-PEG2K DSPE-PEG2K DSPE-PEG2K

Shell Composition

because some of the nanodroplets have excess lipid shell
that is shed as they pass through the filter and form lipo-
somes (Borden et al., 2005).

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-
PEG;0o were significantly larger than 50:50 and 90:10 lipid
shelled nanodroplets [Fig. 3(a)]. There was no significant
difference in size between the 50:50 and 90:10 lipid shelled
PFCnDs. No significant difference in nanodroplet diameter
is observed when PFCnDs are grouped by core composition
[Fig. 3(b)], indicating that the lipid shell, rather than core
composition, influences nanodroplet size distributions.
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FIG. 3. PFCnD 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).
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B. ADV 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 result-
ing image contrast produced after ADV was quantified by
calculating the MEP in the focal region [Fig. 4(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 pres-
sure 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(b)]. The
90:10 and 10:90 non-PEGylated:PEGylated PFCnDs had
comparable MEP values.

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 nano-
droplet 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 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

compared to other nanodroplet compositions, so a larger
proportion of nanodroplets expand with each insonating
pulse. The cause of this improved vaporization efficiency
may be 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-
PEG,000 in the DPPC:DSPE-PEG;y, liposomes from
~10% DSPE-PEG,p00 to 50% DSPE-PEG,po caused a
shape change from bicelles to slightly elongated micelles
(Viitala et al., 2019). DPPC:DSPE-PEG,(, lipid shelled
nanodroplets have small domains of only DPPC or DSPE-
PEG;000, creating a solid-liquid ordered phase coexistence,
as detailed in Chattaraj et al. (2016). 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 organiza-
tion, with distinct regions of DPPC and DSPE-PEG;q,
causes nanodroplets to phase-transition well without IC or
dissolution into the surrounding medium. Our results agree
with Chattaraj et al. in that increasing the ratio of
PEGylated lipids from 10% mol to 50% mol yielded a sig-
nificantly stronger acoustic response post-ultrasound insona-
tion. However, the addition of too much PEGylated lipid
could create steric hindrance issues and/or create lipid shells
too stiff for efficient nanodroplet expansion, hence, why our
10:90 DPPC:DSPE-PEG;(, nanodroplets had lower acous-
tic 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
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FIG. 4. Comparison of lipid shell PFCnD B-mode image intensity. (a) B-mode images of 50:50 lipid shell and 10:90 lipid shell PFCnDs after insonation at
the same PNP (9 MPa). (b) PFCnDs with a 50:50 lipid shell consistently exhibited greater ultrasound contrast across all core compositions and nanodroplet

batches.
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smaller microbubbles due to increased Laplace pressure
(Sheeran et al., 2011). 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 setup similar to that in Seda
et al. (2015), in which PFCnDs were placed above a micro-
scope objective, and the resulting bubble clouds post-
insonation were optically observed (Seda et al., 2015).
Further research on the ideal ratio of PEGylated to non-
PEGylated lipids in PFCnDs must be conducted to determine
the ideal shell ratio, but among the nanodroplet compositions
used in this study, 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 compo-
sition. PEG is a common additive to a variety of nanomateri-
als used to increase in vivo stability (Niidome et al., 2006;
Diaz et al., 2018). Studies investigating the use of PFCnDs
in vivo have used a variety of PEG ratios in lipid shells, even
up to 90% PEGylated lipids, with no reported ill effect (Xiang
et al.,2019; Yarmoska et al., 2019; Sheng et al., 2021). 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 poten-
tially lead to nanodroplet build-up within certain organs,
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increased clearance from the circulatory system, and cytotox-
icity. Researchers studying PEGylated liposomes for drug
delivery have noted that repeated injections of PEGylated lip-
osomes at certain concentrations lead to accelerated blood
clearance after the first injection due to anti-PEG IgM-medi-
ated activation (Ishida er al., 2007; Ichihara et al., 2010;
Suzuki et al., 2012). Additionally, high PEG ratios can pre-
vent nanoparticle uptake into cells, which may be an issue if
the desired use of these PFCnDs is to use them for targeted
intracellular uptake (Verhoef and Anchordoquy, 2013; Pozzi
et al., 2014). 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 uti-
lizing these PFCnDs for long durations or repeated injections
as there may be unknown cytotoxic effects or increased
immune activation that result from repeated use.

C. ADV duration vs shell composition

The duration for which vaporized PFCnDs remained in
their gaseous state was calculated by measuring the num-
ber of frames in which the MEP in ultrasound frames post-
ADV was elevated above the threshold value 20
X MEPayg, pre-activation. PFCnDs composed of a 10:90
DPPC:DSPE-PEG; lipid shell had the briefest duration
in the gaseous state across all nanodroplet batches and core
compositions [Fig. 5(a)]. There was no significant differ-
ence 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 nanodrop-
let recondensation [Fig. 5(b)].

The disappearing ultrasound signal after phase transition-
ing can be attributed to several factors. The perfluorocarbon
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FIG. 5. Representative duration data from one dataset depicting the differences in 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 maximum operating pressure (9.5 MPa).
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core composition can significantly impact whether nanodrop-
lets can recondense or dissolve into the surrounding environ-
ment. Nanodroplet recondensation has been observed in
nanodroplets composed of both PFP and PFH cores (Hannah
et al., 2016; Ishijima et al., 2016; Luke et al., 2016; Yu et al.,
2016; Yoon et al., 2018), so it is possible that many of the
nanodroplets within the PFCnD samples tested in these
experiments are recondensing to a liquid state after insona-
tion, as observed in Fig. 5(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 (Yoo et al., 2018).
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. Last, 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 (de Jong et al., 2000; Huynh et al., 2015).

D. Pressure differential between ADV onset and IC
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 cal-
culated 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 nano-
droplets, as exhibited by the representative plots in Figs.
6(a)-6(c). This trend was observed across all nanodroplet
samples of various sizes and core composition, and the pres-
sure differential was considerably larger in nanodroplets
with smaller diameters [150—180 vs 200-250 nm; Fig. 6(d)].

The differential between ADV and IC onset is an
important metric for both imaging and therapeutic applica-
tions. For ultrasonic imaging of these contrast agents
in vivo, IC can be detrimental to surrounding cells and tis-
sues; inducing ADV without triggering IC, therefore, is crit-
ical. Creating PFCnDs with the lowest possible ADV
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threshold is crucial in diagnostic imaging to enable phase
transitioning without using insonating pressures above the
FDA’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 differ-
ence 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 perfluor-
ocarbons with lower vaporization temperatures (e.g., PFB)
can bring the ADV threshold to biologically safe pressures.

It is important to consider that the window between
ADYV 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 (Wu et al., 2021).
Our findings demonstrate that the ADV-to-IC pressure dif-
ferential 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 investi-
gate 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 applica-
ble in vivo (Guo et al., 2017; Xu et al., 2018).

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
attributable to the PFCnDs instead of slight changes to the
experimental setup (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 con-
ditions, such as excised tissue, to validate that these differ-
ences in nanodroplet behavior are still exhibited in vivo.
Additionally, as mentioned in Sec. III B, special care should
be taken if using these PFCnDs for long-term studies with
repeated injections to understand potential bioeffects caused
by the presence of these nanodroplets in vivo.

IV. CONCLUSION

We investigated the influences of the lipid shell compo-
sition on the size distribution, ultrasound characteristics, and
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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.

vaporization dynamics of PFCnDs. Our results suggest that
passing nanodroplets through a mesh filter yields nanodroplet
suspensions with smaller average diameters by excluding
large (4504 nm diameter) nanodroplets. Furthermore, lipid
shell PFCnDs with a high proportion of PEGylated lipids have
larger diameters, though the size distribution of nanodroplets
may be more dependent on the fabrication method than lipid
shell composition. PFCnDs with a 50:50 DPPC:DSPE-
PEGj00 lipid shell composition created the strongest ultra-
sound 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 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 perfluoro-
carbon core can influence the duration in which the PFCnD
remains gaseous as well as the vaporization threshold of the
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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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