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Abstract

Phase-change contrast agents are rapidly developing as an alternative to microbubbles for
ultrasound imaging and therapy. These agents are synthesized and delivered as liquid droplets and
vaporized locally to produce image contrast. They can be used like conventional microbubbles, but
with the added benefit of reduced size and improved stability. Droplet-based agents can be
synthesized with diameters on the order of 100 nm, making them an ideal candidate for
extravascular imaging or therapy. However, their synthesis requires low boiling point
perfluorocarbons (PFCs) to achieve activation (i.e. vaporization) thresholds within FDA approved
limits. Minimizing spontaneous vaporization while producing liquid droplets using conventional
methods with low boiling point PFCs can be challenging. In this study, a new method to produce
PFC nanodroplets using spontaneous nucleation is demonstrated using PFCs with boiling points
ranging from —37°C to 56°C. Sometimes referred to as the ouzo method, the process relies on
saturating a co-solvent with the PFC before adding a poor solvent to reduce solvent quality,
forcing droplets to spontaneously nucleate. This approach can produce droplets ranging from
under 100 nm to over 1 um in diameter. Ternary plots showing solvent and PFC concentrations
leading to droplet nucleation are presented. Additionally, acoustic activation thresholds and size
distributions with varying PFC and solvent conditions are measured and discussed. Finally,
ultrasound contrast imaging is demonstrated using ouzo droplets in an animal model.
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Perfluorocarbon (PFC) gas filled microbubbles are a medically approved contrast agent for
diagnostic ultrasound imaging. In addition to vascular and cardiac imaging, microbubbles
are also being tested for drug delivery and cavitation-based therapies.1* They are typically
constrained to endovascular applications because of their large size (>1um in diameter).
Because of recent interest in microbubbles for ultrasound-based theranostics (combining
diagnostic imaging with therapy), great effort has been made in synthesizing microbubbles
small enough to diffuse between tight junctions and penetrate into diseased tissues. To freely
diffuse past the vessel walls and into tissue, agents must be smaller than ~200 nm in
diameter.3-> Producing such agents has proven difficult because bubbles at those scales are
unstable and have short lifetimes due to accelerated dissolution into the surrounding liquid
due to a higher Laplace pressure.#%-8 Moreover, several studies have concluded that as the
bubble diameter decreases, the effective membrane stiffness increases. This in turn causes an
increase in bubble resonant frequency and reduced echogenic properties. 68

Liquid PFC nanodroplets have been proposed as an alternative to gaseous microbubbles for
medical ultrasound applications. As liquid droplets, the emulsions can be stable for days or
weeks.®12 Moreover, prior to activation, they are transparent to ultrasound and provide no
ultrasound imaging contrast.10-11.13 However, upon applying a high amplitude acoustic
pulse, droplets can be selectively vaporized in a region of interest to form bubbles that are up
to five times diametrically larger than the initial droplet.19-14-18 After “activation’, the gas
micro-/nano-bubbles can be used in the same manner as conventional microbubbles.11:19-21
In addition to contrast enhanced imaging, phase-change contrast agents have also been
actively researched in therapeutic ultrasound applications including embolotherapy?2-24,
histotripsy2>-26, drug delivery®27, and photoacoustic imaging28-3.

Several other studies have successfully demonstrated that PFC droplets with diameters under
200 nm can be produced from various different methods.212%-32 Such small droplets can
diffuse out of blood vessels and into tissues for extravascular imaging and/or therapy.3—>
However, as the droplet diameter decreases, they also experience a stabilizing effect
preventing spontaneous vaporization and an increase in the acoustic activation threshold.
12,13.17.33 Cyrrently, there are two debated mechanisms for explaining the increased stability
of nanoemulsions: increased contributions from the Laplace pressure 19 and homogenous
nucleation 12. The long standing hypothesis has been that the increase in Laplace pressure
with reducing droplet diameter results in an increase in internal pressure in the droplet and
thus a suppression of boiling.10:17 However, recent results from Mountford and Borden
shows that the Laplace pressure does not sufficiently explain the enhanced droplet stability.
12 |nstead, homogeneous nucleation theory predicts a much greater energy barrier to droplet
vaporization that better matches experimental measurements.12 Regardless, the Laplace
pressure and homogeneous nucleation theory both suggest an increase in droplet stability
with decreasing diameter, requiring an increase in acoustic pressure needed to initiate
droplet vaporization, potentially to levels beyond FDA limits.19-21:31.34.35 The FDA limit is
defined as the MI<1.9, where M T = P/\/f, P is the peak negative pressure in MPa and f is
the frequency in MHz. 36 Although superharmonic focusing of the acoustic wave in droplets
leads to a decrease in acoustic vaporization threshold with increasing frequency, which can
reduce the activation threshold to within FDA limits, a reduction in focal gain is observed
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when the droplet much smaller than an acoustic wavelength (e.g. nanodroplets). 151737 |_ow
boiling point PFCs can help reduce the vaporization threshold to within FDA limits.19-21:31
Often, natively gaseous PFCs must be used to synthesize nanodroplets with a sufficiently
low acoustic pressure threshold for clinical purposes.29-21

Unfortunately, it can be very challenging to maintain low boiling point PFCs, such as
perfluorobutane (Tgoiling = —2°C) and perfluoropropane (Tggjling = =37°C), in their liquid
phase during droplet synthesis using conventional methods such as sonication, high-speed
shaking, and homogenization.11:20:31.34 |n some cases, cryogenic conditions must be
maintained during emulsification.1! Alternatively, condensing microbubbles to form
nanodroplets is sometimes used to form nanodroplets from low boiling point PFCs,19-21.38
However, microbubble condensation is limited to gaseous PFCs.11

In this study, an alternative method of synthesizing PFC nanodroplets through spontaneous
droplet nucleation is demonstrated. In colloid science, this has been coined the ‘ouzo effect’
after the opacity change due to the spontaneous formation of anise oil droplets when water is
added to the Greek alcoholic drink, ouzo.5:31:39.40 |n general, this method has two steps
beginning with dissolving the oil (PFC) into a ‘good’ solvent (alcohol), which is also
completely miscible with a “poor’ co-solvent (water). To nucleate the droplets, the ‘poor’
solvent is simply added to the dissolved oil in the ‘good’ solvent. By adding water to the
PFC/alcohol solution, the oil solubility is rapidly reduced, forcing the oil phase out of
solution and spontaneously nucleating droplets with surprising monodispersity and stability.
In this study, ternary phase diagrams showing the solvent conditions necessary to nucleate
PFC droplets are presented. In addition, droplet size distribution, stability, and activation
thresholds for contrast agents are discussed. Finally, ultrasound imaging using ouzo PFC
droplets is demonstrated in an animal model.

PFC ouzo droplets were synthesized by first dissolving a PFC into ethanol (co-solvent). A
maximum of approximately 2.0% perfluorohexane (CgF14, Tgoiling = 56°C), 2.3%
perfluoropentane (CsF12, Tgoiling = 29°C), 2.5% perfluorobutane (C4F10, Tgoiling = =2°C),
and 2.7% perfluoropropane (CgFg, Tgoiling = —37°C) by volume could be dissolved in
ethanol. In the ethanol phase, a 20:1 mole ratio of dipalmitoylphosphatidylcholine (DPPC)
and N-(Methylpolyoxyethylene oxycarbonyl)-1,2-distearoyl-sn-glycero-3-
phosphoethanolamine sodium salt (DSPE-PEG 2K) lipids were also dissolved. The total
lipid concentration was varied from 0.10 mg/ml to 1.82 mg/ml depending on the volume of
perfluorocarbon that was used. Lipid concentration much less 0.10 mg/ml still resulted in
stable emulsions. However, lower concentration lipids solutions were not used to ensure
ample lipids were in solution to stabilize the droplet interface. Droplet formulations using
greater lipid concentration in solution resulted in the formation of lipid aggregates and
destabilizing droplets through flocculation. When an aqueous solution (solvent) prepared at
a ratio of 7:2:1 water/propylene glycol/glycerol is added to the PFC/ethanol solution, the
PFC oil phase quickly loses solubility resulting in the spontaneous nucleation of stable
droplets (Figure 1). Since PFCs are known to have very poor solubility in water, the greater
the water content relative to ethanol, the lower the PFC solubility is in the final mixed
solvent. It is important to note that the inclusion of glycerol and propylene glycol was not
essential for droplet nucleation. In fact, PFC emulsions can also be generated in the absence
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of any stabilizer (Figure S2 and S3 Supplemental Information). However, glycerol and
propylene glycol are commonly used along with lipid mixtures to greatly improve
microbubble stability.#1:42 Here, glycerol and propylene glycol were also included in the
ouzo droplet formulation to make the agent composition analogous to microbubbles and to
increase stability.

A ternary phase diagram indicating the volume percentages of PFC oil, ethanol, and water
solution (Yowater = 100% — %gthanol — Yoprc) that is required to nucleate droplets was
created for each of the PFCs tested (Figure 2. Full ouzo ternary plots appear in supplemental
Figure S1). For all PFCs, a minimum water concentration was required to nucleate droplets.
As the PFC concentration was reduced, a proportionally greater concentration of water was
required to nucleate PFC droplets. Comparing the conditions using different PFCs, the size
of the ouzo region for increasingly volatile PFCs (i.e. PFH to OFB) decreased. The reduced
ouzo region in the ternary plot is likely due to an increase in PFC oil solubility in both
ethanol and water with decreasing PFC molecular weight (i.e. increased volatility). This is
also supported by the thermodynamics of cavity formation. Because larger molecular weight
PFCs displace a larger number of water molecules than an equal number of a lower
molecular weight PFC, the solvent conditions are less favorable for large molecular weight
PFCs to stay in solution than low molecular weight ones.#3 This results in the larger
molecular weight PFCs having a larger ouzo region than the lower molecular weight PFCs.

Although the PFC type also plays a small role in determining droplet size, the size
distributions were primarily correlated to the PFC concentration and the ethanol/water ratio
used to induce spontaneous emulsification (figure 3). Nanodroplets with diameters on the
order of 100 nm could be easily synthesized using all perfluorocarbons tested (figure 3A).
Moreover, ouzo-synthesized droplets of ~100 nm in diameter were found to be stable for
days or weeks depending on the storage conditions (figure 3B).

Zeta potential measurements also suggest that lipids successfully coated the droplet interface
as they do with microbubbles (supporting figure S2). The zeta potential increased from —23
mV for uncoated droplets to —9.93 mV for DPPC and DPSE-PEG coated droplets and 3.9
mV for DPPC coated droplets. Prior to measuring the zeta potential of the lipid coated
droplets, the samples were centrifuged, to remove excess lipids in solution, and redispersed.
This process was repeated three times to ensure all excess lipids were removed and the zeta
potential measurements were of the droplets. The zeta potentials of both lipid coated
droplets were statistically different from that of uncoated ones. Moreover, lipid coated
droplets matched the zeta potentials of lipid micelle samples, suggesting that the droplets
were coated with lipids. In the absence of the lipid shell, DLS measurements revealed a
rapid increase in size in the droplet distribution, which was not seen with lipid coated
droplets (supporting figure S3). The increase in uncoated droplet size was likely due to a
combination of coalescence in the short time scale and Ostwald ripening over the longer
time scales. In contrast, lipid coated droplets had nearly no change in size throughout the
same time scale, suggesting that lipids prevent unwanted coalescence.

Perfluorohexane was also used as a representative PFC to further investigate changes in
droplet size distribution as a function of oil concentration and relative ethanol-to-water ratios
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(figure 3C). In general, as PFC saturation in ethanol increased, the average droplet size also
increased. This result was expected because a solution with a higher PFC concentration
would have more PFC pushed out of solution than a lower concentration solution for any
given volume of water added.

Water concentrations between 30-60 volume % generally resulted in the largest nucleated
droplets, while the smallest droplets were observed at the extremes of the lowest and highest
water and ethanol concentrations. The increase in droplet diameter with increasing water
concentration (i.e. lower ethanol concentration) is expected. As more water was introduced
into the sample, the solvent phase became a poorer solvent for dissolved PFC. As a result, a
greater concentration of PFC lost solubility with increasing water concentration, producing
larger droplets. However, if the water concentration was sufficiently high (i.e. ethanol
concentration <35%), the droplet diameter again started to decrease with increasing water
concentration. At the lowest ethanol concentrations, droplet nucleation was likely limited by
diffusion due to the low PFC concentrations present. This limited the concentration of PFC
molecules within a finite diffusion radius of growing drop nuclei, producing smaller droplets
at lower ethanol (i.e. lower PFC/higher water) concentrations.

A similar effect was observed by Vitale and Katz3?, who investigated ouzo droplet
nucleation of divinyl benzene droplets in water. In their study, they noted that the resulting
droplet diameter was directly related to concentration of excess oil pushed out of solution
when the poor solvent was introduced. 39 Although we were unable to estimate the volume
of excess PFC oil pushed out of solution to nucleate droplets, a similar effect likely occurred
with PFC ouzo droplets. At one extreme, when the ethanol concentration was low, overall oil
concentration was also low. At the opposite extreme, when the ethanol concentration was
high, it is plausible that only a low amount of PFC was forced out of solution while the
majority of PFC was still dissolved in the continuous phase. Thus, at both extremes, a low
volume of excess PFC oil is forced out of solution and small droplets are produced.

Although PFC concentrations in solution after synthesis were typically under 1 vol. %, the
number concentration of droplets formed using the ouzo synthesis method was as high as
1012 droplet/ml. The droplet concentrations were estimated based off of back calculations
from the volume of PFC dissolved, the droplet size distribution measured, and assuming that
all the PFC was pushed out of solution to form droplets. Gravimetric measurements showed
little PFC loss is observed with the ouzo synthesis method, because little mechanical energy
or heat is generated during droplet nucleation. In contrast, during emulsification via
sonication or homogenization, PFC losses up to 80% occur because input energy can
vaporize large amounts of volatile oils. 44 Depending on droplet size and ethanol content
used during synthesis, final droplet concentrations in this work varied from 1019 droplet/ml
(typical for ~1 um diameter droplets) to up to 1012 droplet/ml (common for ~100 nm
diameter droplets).

Activation thresholds for droplets synthesized with various PFC were also measured using
an acoustic cavitation setup. The droplets were activated using short pulses (15 cycles) from
a 1.24 MHz focused transducer in a degassed water bath held at body temperature (37°C).
The 50% activation (cavitation) threshold for perfluorohexane (Tgoiling = 56°C),
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perfluoropentane (Tgojling = 29°C), perfluorobutane (Tgojling = —2°C), and perfluoropropane
(TBoiling = =37°C) were 6.86 MPa, 5.11 MPa, 3.49 MPa, and 1.74 MPa (figure 4A),
respectively. The pressure threshold to vaporize droplets was directly correlated with the
boiling point of the PFC, as the boiling point is an indicator of PFC volatility. These
thresholds are in line with similar PFC droplet formulations of Sheeran et al., who used
microbubble condensation to produce droplets with gaseous PFCs and an extruder for liquid
PFCS.20’21

The activation threshold of ouzo PFC droplets could also be modulated using PFC blends
(figure 4B). This was demonstrated by combining a high boiling point PFC
(perfluorohexane) with a low boiling point PFC (perfluoropropane). The blended droplets
were prepared by saturating two ethanol solutions separately, each with a different
perfluorocarbon, and combining the two ethanol-PFC solutions to the desired mixture ratio
prior to adding the water mixture to nucleate droplets. As the perfluoropropane
concentration increased, the activation threshold decreased. Fitting a linear function between
the cavitation thresholds of perfluorobutane and pefluorohexane revealed that the activation
threshold of the PFC blended droplets was well predicted based on a volume fraction
weighted sum of the activation thresholds of the PFCs used (R2 = 0.97). Having the option
to tune the activation threshold using PFC blends would be beneficial in scenarios where a
specific activation threshold is needed to optimize droplet stability and activation sensitivity.

Ouzo-synthesized droplets were used as an ultrasound contrast agent in a rat spinal cord
model (figure 5). Surgical procedures were performed according to approved institutional
animal care and use committee (IACUC) protocol following all appropriate guidelines from
the university’s Animal Welfare Assurance (A3464-01) as well as the NIH Office of
Laboratory Animal Welfare (OLAW). A laminectomy was performed to remove the top
surface of spine vertebrae, exposing the spinal cord. A bolus injection of perfluorobutane
droplets (Tgoiling = 29°C) with a mean diameter of 182 nm was administered via tail vein
and imaged using a 15 MHz linear array ultrasound transducer. Spinal cord tissue was seen
at a depth between approximately 4 and 7 mm from the transducer face (figure 5C) on top of
the vertebral bones of the spine. Although contrast from the droplets could not be easily seen
in conventional B-mode imaging (figure 5C), the agent was easily visualized using harmonic
imaging (figure 5B and 5C, see supplemental media). Harmonic imaging was necessary to
suppress intrinsic linear signals from this tissue model and to highlight the non-linear signals
that are generated from bubble oscillations.#>46 Detection of a harmonic signal after
injection strongly suggests that droplets were successfully converted into microbubbles.
Maximum intensity projections (figure 5D) over a one second interval flowing bubble
activation revealed the branched microvasculature of the spinal cord. Such images are a
classical example of contrast-enhanced ultrasound (CEUS) images revealing details of tissue
microcirculation.

At the frequency used, a low boiling point PFC droplet with a low activation threshold was
needed for /n vivo experiments because the pressure output from the high-frequency
transducer was relatively low. Injections of higher boiling point PFCs, such as
perfluoropentane (Tgoiling = 29°C) and perfluorohexane (Tgojling = 56°C), provided nearly
zero contrast enhancement since they were not activated by the clinical imaging transducer.
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Based on these results, high volatility PFCs such as perfluorobutane (Tgojling = =2°C) and
perfluoropropane (Tgojling = —37°C) are better suited for contrast-enhanced imaging using
existing clinical imaging ultrasound due to their low acoustic activation thresholds. Having a
low acoustic activation threshold would enable deeper droplet activation contrast enhanced
imaging without exceeding FDA thresholds imposed on acoustic pressure. However, to
develop the pressures needed to vaporize droplets several centimeters into tissue, a lower
frequency transducer in the range of 4-8 MHz would be better suited than a 15 MHz
transducer. By shifting to lower frequency transducers, acoustic attenuation would be
reduced, and higher driving voltages could be achieved, resulting in greater acoustic
pressures at depth. Moreover, although we were unable to vaporize the higher boiling point
PFCs with the 15 MHz imaging probe, it is possible that by using a lower frequency
transducer the increased acoustic pressures at depth may be enough to vaporize higher
boiling point perfluoropentane and perfluorohexane based droplets. From the literature,
these agents quickly recondense back into their liquid phase after vaporization.
28,30,32,38,47.48 Reversible vaporization and condensation has been shown to be beneficial in
extending the lifetime of the agents after repeated activation cycles. 28:31,3249

A new method to produce perfluorocarbon droplets using spontaneous nucleation has been
developed and presented. The ouzo method is a fast and easy approach to produce
nanodroplets with minimal equipment requirements and low costs. Although it was
demonstrated here using fully fluorinated PFCs with boiling points ranging from -37°C up
to 56°C, the method can be extended to other types of PFCs or oils. Even though lipids were
used in this study as a coating material, any alcohol or water-soluble surfactant material can
be used. Methods for polymerizing shells 31 on the droplet interface and/or the addition of
targeting peptides can be easily adapted and incorporated into the ouzo method to produce
PFC droplet based contrast agents for applications requiring agents with diameters less than
200 nm. Even though a large volume of ethanol is used to synthesize the droplets, excess
ethanol is easily removed by dialysis or by centrifuging the droplets, decanting the solvent,
and resuspension in fresh media. Because the ouzo method can consistently produce phase-
change contrast agents with a diameter under 200 nm, we believe the new synthesis method
will be attractive for applications in extravascular imaging and ultrasound-based therapies.

Droplet Synthesis:

Droplet formulation is an adaptation of microbubble formulations found in commercially
available microbubble contrast agents.11242.50 Quzo droplets were synthesized using both
liquid and gaseous PFCs. The PFCs used included perfluorohexane (CgF14, Tgoiling = 56°C,
PFH), perfluoropentane (CsF12, Tgoiling = 29°C, PFP), perfluorobutane (C4F10, Tgoiling =
-2°C, PFB), and perfluoropropane (C3Fg, Tgoiling = =37°C, OFP). All PFCs were purchased
from SynQuest Laboratories. An initial lipid dissolved in ethanol stock solution was
prepared using a 20:1 molar ratio of dipalmitoylphosphatidylcholine (DPPC, CAS: 63-89-8,
NOF America Corp.) and N-(Methylpolyoxyethylene oxycarbonyl)-1,2-distearoyl-sn-
glycero-3-phosphoethanolamine sodium salt (DSPE-PEG 2K, NOF America Corp.). The
lipid concentration varied from 0.10 mg/ml up to 1.82 mg/ml depending on the volume of
perfluorocarbon used in the synthesis.
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The lipid-ethanol stock solution was then divided as needed. Using a stir plate, PFCs were
then dissolved in the lipid-ethanol solution until it was fully saturated. For liquid PFCs (i.e.
PFH and PFP), the PFC oil was incrementally added to the stirred ethanol solution until a
small droplet of PFC formed in solution. The solution was then removed from the stir plate
and allowed to rest at room temperature for approximately 20 minutes, enabling excess PFC
to fall to the bottom of the container. For gaseous PFCs (i.e. PFB and OFP), PFC gas was
bubbled into a sealed glass vial with the ethanol solution at a pressure of 1.5-2.0 PSI while
on ice. It was bubbled through for a minimum of 2 minutes and purged 3 times to ensure the
headspace was filled with gaseous PFC. Then, the PFC-lipid-ethanol solution was pipetted
into a clean glass vial and diluted as needed using additional lipid-ethanol solution to
achieve the desired PFC in ethanol saturation percentage. Finally, a 7:2:1 volume ratio blend
of water, propylene glycol (CAS: 57-55-6, Sigma Aldrich), and glycerol (CAS: 56-81-5,
Bio-Rad) was added to the solution to nucleate PFC droplets. Prior to measurements, the
droplet samples were centrifuged, decanted, and resuspended to separate the droplets from
excess alcohol and lipids. This process was repeated 3 times.

Droplet Size and Zeta Potential Measurements:

Droplet size distributions were measured using dynamic light scattering (DLS, Zetasizer
NanoZS, Malvern Instruments Ltd., Worcestershire, UK) at 20°C. All samples were allowed
to equilibrate in the sample holder for one to five minutes prior to measurement. Viscosity
differences in solvent mixtures were corrected for by directly measuring the solvent mixture
viscosity using a rheometer (Physica MCR301, Anton Paar, Graz, Austria) in a double gap
cylinder (Couette) configuration. Droplet concentrations were estimated based on the
volume of PFC introduced into the sample divided by the average diameter of the droplets
nucleated.

Zeta potential measurements (Zetasizer NanoZS, Malvern Instruments Ltd., Worcestershire,
UK) were all taken at 20°C. Droplet samples with a lipid shell were centrifuged and
resuspended three times to remove any possible excess lipids in solution.

Acoustic Activation Threshold Measurements:

A passive cavitation detection method was used to detect droplet activation thresholds. 31:34
Samples were held in a custom built thin-walled plastic cuvette (1 cm diameter, 4 cm long)
submerged in a degassed water tank heated to body temperature (37°C). Each sample was
diluted to a concentration of approximately 108 droplet/ml using degassed 0.45 pm filtered
deionized water. To prevent droplet depletion due to vaporization, the sample holder was
periodically flushed with deionized water and refilled with a new sample from the same
batch. Depending on the acoustic pressure, samples were exchanged after a minimum of 200
and maximum of 1000 acoustic firings.

Droplets were activated using a 1.24 MHz spherically focused ultrasound transducer (H-102,
f-number = 0.95, D = 68 mm, Sonic-Concepts Inc., Woodinville, WA, USA). It was driven
using a 15-cycle sine wave pulse generated from an arbitrary function generator (AFG 3022,
Tektronix, Beaverton, OR, USA) and amplified by 55 dB using an RF amplifier (A-150,
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ENI, E&I Ltd., Rochester, NY, USA). Ultrasound pulses were delivered to samples with
peak negative pressures ranging from 0 to 7.2 MPa at a pulse repetition frequency of 20 Hz.

Cavitation (activation) signals were detected using a custom-built, unfocused polyvinylidene
difluoride (PVDF) transducer with near constant bandwidth up to 40 MHz. The PVDF
transducer was positioned 35 mm away from the center of the sample holder orthogonal to
the transmitting ultrasound transducer. Signals from this transducer were digitized and
collected using a Gage card (Razor 14, Dynamic Systems LLC, Lockport, IL, USA).

Cavitation analysis leveraged the methods of Arnal et a/. and Li er a/31:34 A 15 ps window,
offset by the expected time delay for a one-way time of flight from the focused transducer to
the sample then to the PVDF transducer, was used to analyze received ultrasound signals.
The cavitation signal was identified by subtracting an averaged background acoustic signal
from the signal acquired. A minimum of 200 acoustic signals were used for each acoustic
condition for each sample. A cavitation event was identified as an average acoustic intensity
9 times greater than the background noise level. The cavitation (activation) probability was
defined as the percentage of cavitation events registered versus the total number of acoustic
pulses fired for a given acoustic condition. The activation threshold was defined as the 50%
crossing found on a sigmoid fit of the cavitation probability versus pressure data collected.

In Vivo Imaging:

Surgical procedures were performed according to approved institutional animal care and use
committee (IACUC) protocol following all appropriate guidelines from the university’s
Animal Welfare Assurance (A3464-01) as well as the NIH Office of Laboratory Animal
Welfare (OLAW). A 0.2 ml bolus injection of perfluorobutane droplets diluted to
approximately 108 droplet/ml was injected via tail vein in an anesthetized female Sprague-
Dawley rat. An ultrasound imaging window was made by performing a laminectomy to
expose the spinal cord between T6 and T10. Activated droplets were imaged using a
Verasonics Vantage ultrasound system (Merasonics Inc, Bothell, WA, USA) and a 15 MHz
transducer (Vermon, Tours, France). The spinal cord was imaged with conventional B-mode
imaging and a plane-wave harmonic sequence used to differentiate the activated droplets
from the surrounding tissue.45:46

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:

The ouzo method for PFC nanodroplet production is a process for the spontaneous
nucleation of liquid nanodroplets in solution. A lipid surfactant, or any other stabilizer, is
first dissolved in ethanol. This solution is then divided such that only one solution is fully
saturated with perfluorocarbon. The fully saturated PFC solution and the pure lipid in
ethanol solution are re-combined to achieve a desired PFC concentration in the solution.
Finally, a water-based solution is pipetted into the container with PFC and lipid dissolved in
ethanol. Introducing water causes the PFC to lose solubility, leading to PFC nanodroplet
nucleation. This process can be performed with any perfluorocarbon gas or liquid in
combination with any surfactant or shell coating.
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Figure 2:

Ouzo phase diagrams for (A) perfluorohexane, (B) perfluoropentane, (C) perfluorobutane,
and (D) perfluoropropane. The ouzo region (conditions leading to droplet formation) is
identified with the light blue filled area with a dotted line boarder. Droplets nucleate in a
narrow region relative to the entire ternary diagram (see supplemental figure 1).

Nano Lett. Author manuscript; available in PMC 2021 March 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lietal.

Ao B 250
—Perfluorohexane -+Room Temperature (20°C)
—Perflucropentane -+ Refridgerated (4°C)
—Perfluorobutane 200+
30 F—Perflucropropane
= £
g :150 F
S20F %
= E 100!
S
10
50}
0 - ! 0 1 1 I 1 1 1 §
10° 10 102 0 0o 2 4 6 & 10 12 14

Diameter (nm)

Figure 3:

Time (Days)

O

o

=)
£

Diameter (nm)
=
(5]

-
(=]
el

Page 14

} 5% Saturation
¥ 15% Saturation
} 80% Saturation

10 20 30 40 50 60 70 80
Ethanol Quanity (% Vol.)

(A) Size distribution measured using dynamic light scattering of various PFCs prepared
using the ouzo synthesis method, (B) size evolution of droplets stored at room temperature
or refrigerated over time, and (C) average size of perfluorohexane droplets synthesized as a
function of ethanol and PFC saturation in ethanol prior to nucleation. The error bars
represent one standard deviation of the size distribution.
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Figure 4:

(A) Cavitation thresholds of pure PFC droplets compared to water and (B) cavitation
thresholds using perfluorocarbon mixtures. The inset figure in panel B shows the 50%
cavitation threshold of the droplets as a function of perfluorohexane and perfluorobutane
mixture ratios. The cavitation threshold of the PFC blended droplets fit the linear function of
Prhresnotd = Pprcy Vit Pprcy(1 = V), where Pprey and Pprc, are the activation threshold
for the two perfluorocarbons used (in this case perfluorohexane and perfluorobutane), and Vs
represents the volume fraction of perfluorohexane. Using the linear fit an R-squared of 0.975
was obtained, suggesting that the activation threshold for the PFC blend could be predicted
with a volume mixing ratio.
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Figure5:

The spinal cord of a rat model was imaged using a 15 MHz linear array. A bolus injection of
perfluorobutane droplets active in the region of interest was highlighted using plane-wave
harmonic imaging (A and B) in conjunction with conventional ultrasound imaging (C). (A)
Prior to injection, harmonic imaging reveals no contrast, confirming the absence of bubbles.
(B) Seconds after injection, individual activated droplets are seen passing through the spinal
cord vasculature. (D) After performing a maximum intensity projection of perfusing
activated droplets (i.e., bubbles), microvessels were traced out over the image region. See
supplemental media for video of activated droplets perfusing the spinal cord using harmonic
imaging.
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