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Abstract
Purpose—Ultrasound can be used to release a therapeutic payload encapsulated within a
perfluorocarbon (PFC) emulsion via acoustic droplet vaporization (ADV), a process whereby the
PFC phase is vaporized and the agent is released. ADV-generated microbubbles have been
previously used to selectively occlude blood vessels in vivo. The coupling of ADV-generated drug
delivery and occlusion has therapeutically, synergistic potentials.

Methods—Micron-sized, water-in-PFC-in-water (W1/PFC/W2) emulsions were prepared in a
two-step process using perfluoropentane (PFP) or perfluorohexane (PFH) as the PFC phase.
Fluorescein or thrombin was contained in the W1 phase.

Results—Double emulsions containing fluorescein in the W1 phase displayed a 5.7±1.4 fold and
8.2±1.3 fold increase in fluorescein mass flux, as measured using a Franz diffusion cell, after
ADV for the PFP and PFH emulsions, respectively. Thrombin was stably retained in four out of
five double emulsions. For three out of five formulations tested, the clotting time of whole blood
decreased, in a statistically significant manner (p < 0.01), when incubated with thrombin-loaded
emulsions exposed to ultrasound compared to emulsions not exposed to ultrasound.

Conclusions—ADV can be used to spatially and temporally control the delivery of water-
soluble compounds formulated in PFC double emulsions. Thrombin release could extend the
duration of ADV-generated, microbubble occlusions.
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INTRODUCTION
Particles that release a therapeutic payload upon interaction with an internal stimulus, such
as pH or hypoxia, or the application of an externally-applied stimulus, such as heat or
ultrasound (US), are being studied in an effort to localize drug delivery to target areas (1–5).
The control of localized delivery is especially important for drugs that possess narrow
therapeutic windows, thereby minimizing systemic side-effects. US-triggered drug delivery
is unique since US affords diagnostic and therapeutic capabilities, spatial and temporal
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control of delivery, and the ability to focus onto deeply located tissues. The interaction of
US with payload-containing particles can generate acoustic cavitation, heating, radiation
forces, and sonoporation. The last effect, the transient increase in cell membrane
permeability, can greatly enhance the uptake of drugs, genes, and peptides contained within
US-activated particles (6–9). These particle-US interactions can also produce therapeutic
effects to be utilized in diverse applications such as thrombolysis (10) or in the reversible
disruption of the blood-brain barrier (11).

Colloidal particles utilized in US-mediated drug release are typically shell-stabilized
microbubbles or droplets containing, respectively, perfluorocarbon (PFC) gases or liquids.
The former colloids evolved from clinically-utilized US contrast agents, which are micron-
sized gas bubbles that increase the echogenicity in perfused tissue upon intravenous
administration. Due to their size, the microbubbles are transpulmonary and resonant at
frequencies utilized in clinical imaging systems (12). Therapeutic agents are typically
incorporated into the microbubbles using one of the following methods: attachment to or
intercalation within the shell; complexation of secondary carriers to the microbubble shell;
or incorporation within a fluid inside the shell (13,14).

As highlighted in a recent review (15), PFC emulsions have also been studied as US contrast
agents and drug delivery systems due to their increased stability, longer circulation times,
and ability to extravasate if formulated as nanoparticles. Due to the hydrophobicity and
lipophobicity of the dispersed PFC phase (16), therapeutic agents are typically loaded into
the emulsion using similar techniques as those mentioned for microbubble delivery systems.
One commonly utilized method is the use of an oil-phase, containing the therapeutic agent,
co-emulsified with the PFC phase during formulation (17–20). PFC emulsions, with or
without a therapeutic payload, can be vaporized into gas bubbles using US, a mechanism
termed acoustic droplet vaporization (ADV) (21–25). ADV is a phenomenon whereby
vaporization occurs only if the emulsion is exposed to acoustic amplitudes greater than a
threshold value. PFCs used in emulsions suitable for ADV applications typically possess
bulk boiling points that are lower than normal body temperature (37°C), such as
perfluoropentane (29°C boiling point). Upon injection in vivo, the emulsions do not
spontaneously vaporize due to the increased internal (i.e. Laplace) pressure, and hence
boiling point elevation, of the PFC when formulated as droplets (25). Low boiling point
PFCs, such as perfluoropentane, also enable the use of lower acoustic amplitudes to generate
ADV (17) and the production of stable gas bubbles in vivo (26–28). The ADV of PFC
emulsions containing a lipophilic, therapeutic payload can be used to facilitate the delivery
and release of the therapeutic agent, as demonstrated with in vitro (17–20) and in vivo (25)
studies.

The ADV of micron-sized PFC emulsions, administered intravenously or intraarterially, has
also been used to generate localized, vascular occlusion in vivo (26–28). The temporal
duration of an ADV-generated occlusion is transient, especially for gas emboli generated
from intravenously administered emulsions (28). Therefore, the ability to extend this
duration may be therapeutically beneficial for surgical applications that require longer
occlusion times such as radiofrequency ablation (29) and high intensity focused US thermal
therapy (30). ADV-generated occlusion could also be potentially used to treat hemorrhaging
associated with vascular damage or other internal bleeding, which are currently treated using
transcatheter embolization (31,32). One option is the simultaneous formation of a
chemically-generated embolus and gas embolus within the feeder artery of the target tissue,
thereby prolonging the duration of ADV-generated embolization. Chemical embolic agents -
such as N-butyl cyanoacrylate, ethylene vinyl alcohol copolymer, and Eudragit E-100 (used
in the treatment of arteriovenous malformations (33–35)) or thrombin (used in the treatment
of pseudoaneurysms (36,37)) – are typically administered via the use of a catheter.
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Therefore, the encapsulation of a chemical embolic agent within a PFC emulsion could
provide a minimally-invasive means of producing a localized, sustained embolization via
ADV with millimeter precision and without the use of ionizing fluoroscopy.

The aim of this study was to develop a PFC emulsion containing a water-soluble, chemical
embolic agent - thereby expanding the range of therapeutic agents delivered via ADV
beyond oil-soluble compounds. The micron-sized, PFC emulsions were formulated as
double emulsions with the following structure: water-in-PFC-in-water (W1/PFC/W2). These
double emulsions can serve as a prototype carrier for other water-soluble therapeutic agents.
In the first section, PFC double emulsions containing fluorescein – a hydrophilic
fluorophore - are prepared and studied to demonstrate the proof-of-concept that fluorescein
encapsulation within a PFC double emulsion delays its release until US exposure. The
ability of ADV to release the encapsulated fluorescein is also evaluated. In the second
section, the encapsulation of a chemical embolic agent, thrombin (factor IIa) - a serine
protease in the coagulation cascade that converts fibrinogen into fibrin – is explored using
different emulsification techniques. The effects of the various techniques are studied in
terms of the resulting emulsion, with a focus on thrombin stability and retention. ADV of the
thrombin-loaded emulsion is achieved using ultrasound parameters suitable for in vivo
applications.

MATERIALS AND METHODS
Fluorosurfactant synthesis

The copolymer used to stabilize the primary emulsion (W1/PFC) was synthesized using a
two-step process, as seen in Fig. 1 and outlined in Holtze et al. (38). First, Krytox 157 FSL
(DuPont, Wilmington, DE, USA) – a perfluoroether with carboxylic acid functionality – was
converted to an acid chloride using methods previously described (39,40). Briefly, under a
nitrogen purge, Krytox 157 FSL was added to a round bottom flask containing HFE-7100
(3M, St. Paul, MN, USA), a mixture of methyl nonafluoroisobutyl ether and methyl
nonafluorobutyl ether. Thionyl chloride (Sigma Aldrich, St. Louis, MO, USA) was then
added in a 10:1 molar excess relative to the Krytox 157 FSL. The flask was refluxed with a
condenser and stirred for 24 hours at 50°C while under a nitrogen purge. The resulting
mixture was concentrated using a rotary evaporator. Second, the acid chloride was reacted
with polyoxyethylene (PEG) diamine (Sigma Aldrich) to form a copolymer, analogous to
previously described methods (39,40). The solvent was a 5:3 volumetric ratio of HFE-7100
and benzotrifluoride (Alfa Aesar, Ward Hill, MA, USA). Similar experimental conditions
were used as in the first reaction step. The resulting copolymer, termed Krytox-PEG
copolymer, was concentrated using a rotary evaporator and its structure was confirmed
using 1H, 13C, and 19F NMR spectroscopy.

Fluorescein emulsion preparation
The primary emulsion was formed by first dissolving, in a 1.5 mL microcentrifuge tube
(Thermo Fisher Scientific, Waltham, MA, USA), Krytox-PEG copolymer (6 mg/mL PFC) in
400 μL of either pefluoro-n-pentane (PFP, Alfa Aesar) or perfluoro-n-hexane (PFH, Alfa
Aesar). Next, 200 μL of a 100 mg/mL solution of fluoroscein sodium salt (Sigma Aldrich) in
normal saline (0.9% w/v, Hospira Inc., Lake Forest, IL, USA) was added to the PFC phase.
The mixture was emulsified, while in an ice bath, via sonication using a microtip (Model
450, 20 kHz, 3.2 mm diameter, Branson, Danbury, CT, USA) operating at 125 W/cm2 for 30
seconds in continuous mode. In a 2 mL glass vial (Shamrock Glass, Seaford, DE, USA), 250
μL of primary emulsion was then added to 750 μL of a 10 mg/mL solution of Pluronic F-68
(Poloxamer 188, Sigma Aldrich) dissolved in normal saline. The vial was sealed with a
rubber stopper and metal cap and subsequently shaken for 45 seconds at 4550 cycles per
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minute using an amalgamator (VialMix, Lantheus Medical Imaging, Billerica, MA, USA).
The resulting double emulsion was used immediately after processing, though it was
confirmed that the emulsion was stable, in terms of encapsulation efficiency and droplet size
distribution, for at least 24 hours if stored at 5°C. Table I summarizes the fluorescein
emulsions and associated processing parameters.

Thrombin emulsion preparation
Thrombin (Thrombin-JMI, bovine-origin, King Pharmaceuticals, Bristol, TN, USA) was
dissolved in normal saline at a concentration of 5000 international units (IU) per mL. In a
microcentrifuge tube, 300 μL of thrombin solution was combined with 650 μL of PFP,
which already contained dissolved Krytox-PEG copolymer (6 mg/mL PFC). The mixure
was then sonicated, as previously described for the fluorescein emulsions, to form the
primary emulsion. The primary emulsion (475 μL) was combined with a 10 mg/mL solution
of Pluronic F-68 in saline (1200 μL) and emulsified to form the double emulsion. Three
processing techniques were explored for the second emulsification step: sonication, shaking,
or magnetic stirring. For emulsification via sonication, the primary emulsion was added to a
microcentrifuge tube along with the Pluronic F-68 solution and then sonicated as previously
described. For emulsification via shaking, the primary emulsion and Pluronic F-68 solution
were added to a 2 mL glass vial and processed similarly to the second emulsification step of
the fluorescein emulsions. For emulsification via magnetic stirring, the primary emulsion
was added to the Pluronic F-68 solution, contained in a 2 mL glass vial, while being stirred
at 1100 rpm for 15 minutes. The vial was placed in an ice bath during the stirring process.
Borosilicate glass balls (2 mm diameter, Chemglass Inc., Vineland, NJ, USA) were added in
two formulations (T4 and T5) to reduce the droplet size during the stirring step. Xanthan
gum (Sigma Aldrich) was dissolved in the thrombin solution (10 mg/mL) in one formulation
(T5) in order to increase the viscosity of the encapsulated aqueous phase; this was done in
an effort to decrease the mobility of the thrombin in the W1 phase and hence the diffusion
rate of thrombin from the emulsion (41). All experiments were conducted with emulsions
that had been processed immediately prior to use, though it was confirmed that the
emulsions were stable, in terms of encapsulation efficiencies and droplet size distributions,
for at least 24 hours if stored at 5°C. Table I summarizes the various thrombin formulations
that were investigated.

Physical characterization of emulsions
The structures of the double emulsions containing fluorescein were determined using visible
and fluorescent microscopy. Visible micrographs of the thrombin emulsions were also taken.
The emulsions were diluted in normal saline and images were taken using a microscope
(Leica DMRB, Bannockburn, IL, USA) and camera (Spot FLEX, Diagnostic Instruments
Inc., Sterling Heights, MI, USA), controlled by Spot Advanced software (Diagnostic
Instruments Inc.). The emulsions were sized using a Coulter counter (Multisizer 3, Beckman
Coulter Inc., Fullteron, CA, USA). Prior to sizing, the emulsions were diluted in normal
saline that had been filtered through a 0.22 μm filter (GSWP, Millipore, Billerica, MA,
USA). All formulations were sized using a 50 μm aperture, which can count particles
between 1.0–30 μm. The T3 formulation was also sized with a 140 μm aperture, which can
count particles between 2.8-84 μm, due to the presence of larger droplets.

Encapsulation efficiency of fluorescein emulsions
The fluorescein emulsions were washed in triplicate to remove unencapsulated fluorescein.
Due to the densities of PFP (1.6 g/mL) and PFH (1.7 g/mL), the washing was accomplished
by centrifuging the droplets at 1200 rpm for 3 minutes. Repeated centrifugation did not
cause significant droplet breaking, which was confirmed by measuring the fluorescein
concentration in the supernatant between the second and third washings. The concentration
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of encapsulated fluorescein was determined by adding an aliquot of the washed emulsion to
methanol (CHROMASOLV Plus for HPLC, Sigma Aldrich), thereby breaking the emulsion.
The fluorescein concentration was determined via fluorescence spectroscopy (LS-50B,
PerkinElmer, Waltham, MA, USA) with excitation and emission wavelengths of 485 nm and
525 nm, respectively. The encapsulation efficiency was calculated as the ratio of
encapsulated fluorescein to the initial amount of fluorescein loaded into the emulsion (i.e.
prior to washing).

In vitro fluorescein release
Fluorescein release from the PFP and PFH emulsions was measured using a Franz diffusion
cell (PermeGear, Inc., Hellertown, PA, USA). A cellulose membrane (6–8 kDa molecular
weight cutoff, Spectrum Laboratories, Inc., Rancho Dominguez, CA, USA), soaked in
normal saline 30 minutes prior to use, was mounted between the donor and receptor
compartments. By comparison, the molecular weight of the ionized form of fluorescein is
328.3 Da. The donor media consisted of 2 mL of fluorescein emulsion, washed in triplicate
to remove unencapsulated fluorescein. The receptor media consisted of 7.5 mL of normal
saline. Near sink conditions were maintained in the receptor compartment throughout the
experiment, with the fluorescein concentration in the receptor compartment never exceeding
0.01% of saturation. The diffusion area between both compartments was 1.77 cm2. The
stirring rate and temperature in the receptor compartment were kept at 600 rpm and 37°C,
respectively. Note that for F1, the temperature inside the receptor is above the boiling point
of PFP whereas for F2 the receptor is below the boiling point of PFH. In order to prevent
settling of the emulsion onto the membrane, due to the densities of PFP and PFH, an
overhead stirrer operating at 600 rpm was used in the donor compartment. At 15-minute
intervals, aliquots of the receptor medium were withdrawn and immediately replaced with
an equal volume of fresh, normal saline. The amount of fluorescein released was determined
via fluorescence spectroscopy as previously described.

To determine the effect of ADV on fluorescein release, the PFP and PFH emulsions were
placed in 15 mL centrifuge tubes (Thermo Fisher Scientific) and immersed in a water bath
heated to 37°C and 64°C, respectively. In each case, the emulsion was warmed to 8°C of
superheat since the normal boiling points of PFP and PFH are 29°C and 56°C, respectively.
The emulsions were continuously sonicated for 2 minutes using the microtip operating at 20
kHz and 312 W/cm2 in order to generate ADV. Low frequency, continuous wave US, which
is difficult to focus in vivo, was used to generate ADV – compared to previous studies which
used higher frequency (1–10 MHz), pulsed US (17,23,26,27,42,43) - to maximize the
cavitation-assisted vaporization of the emulsion during these proof-of-concept studies. The
resulting mixture (post-sonication) was then added to the donor compartment of the
diffusion cell and the fluorescein release was determined as previously described. The
fluorescein release rates from the emulsion studies were compared to mass fluxes obtained
when an equal concentration of fluorescein solution was loaded into the donor compartment.
The volume fraction of droplets vaporized, after ADV, was determined by counting the
droplets remaining in the tube post US exposure versus a control case (i.e. without US) with
a Coulter counter (17). The droplet sample was briefly over-pressurized in a gas-tight
syringe in order to destroy existing microbubbles and decrease the likelihood of counting
these as droplets.

Encapsulation efficiency and stability of thrombin emulsions
The encapsulation efficiency of the thrombin double emulsions, immediately following the
second emulsification step, was determined by separating the droplets from the continuous,
aqueous phase via repeated centrifugation using similar methods as for the fluorescein
emulsions. Minimal droplet breakage, assessed as previously described for the fluorescein
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emulsions, occurred during the washing steps. The non-encapsulated thrombin concentration
was estimated using the Pierce 660 nm protein assay (Thermo Fisher Scientific) and the
encapsulation efficiency was determined as previously described. The stability of the
thrombin encapsulation in the emulsions was determined by heating the emulsion to 37°C
while stirring at 1100 rpm. At 15-minute intervals, aliquots were removed, centrifuged to
separate the droplets from the continuous phase, and the non-encapsulated thrombin
concentration was estimated as previously stated.

In vitro thrombin release
Thrombin release from the emulsions, in blood, was assessed using a modified activated
clotting time (ACT) assay. Fresh, whole canine blood was acquired and immediately mixed
with citrate-phosphate- dextrose (CPD) solution (Sigma Aldrich), an anticoagulant, in a
volumetric ratio of 10:1.4, respectively. CPD, used in the storage of whole blood, prevents
coagulation via the chelation of calcium ions with citrate (44). The blood was stored at 4°C
and used within 7 days of acquisition. All protocols involved in the blood acquisition were
approved by the University of Michigan Committee on the Use and Care of Animals
(UCUCA).

The effect of thrombin concentration on the ACT was determined as follows. First, 0.4 mL
of blood containing CPD was added to a plastic, ACT test tube (International Technidyne
Corporation, Edison, NJ, USA), which contained approximately 30 mg glass beads (119.6
μm mean diameter) and a magnet. Then, an aliquot of thrombin solution was added to the
tube. The volume of thrombin added never exceeded 50 μL. Finally, the tube was capped,
gently mixed, and placed into the Hemochron 400 (International Technidyne Corporation).
The instrument mechanically detected the formation of a fibrin clot via the rotation of the
magnet within the tube. Upon clotting, the magnet lifted within the tube; the time for this to
occur was the ACT. Due to the possibility of thrombin denaturation or loss of activity during
the emulsion processing, thrombin solutions were subjected to identical processing
conditions, as seen in Table I. These solutions were tested for thrombin activity using the
ACT assay. Additionally, due to the antithrombotic properties of Pluronic F-68 (45,46), each
emulsion component – Pluronic F-68, PFP, and Krytox-PEG copolymer – and the blank
emulsion (i.e. without thrombin) were combined with a known concentration of thrombin to
determine its effect on the ACT. The ACT was measured with each thrombin emulsion as
well.

To determine the effect of ADV on thrombin release, each emulsion was injected into an
OptiCell™ (Thermo Fisher Scientific) chamber and exposed to US using a previously
utilized experimental setup (17). The chamber was placed into an OptiCell™ holder that was
located within a tank (40 × 60 × 27 cm) containing degassed, deionized water heated to
37°C. The surface of the tank water was covered with air-filled plastic balls (Cole-Parmer
Inc., Vernon Hills, IL, USA) to minimize regassing and heat loss as well as scattering the
reflected US at the air/water surface. A calibrated 3.5 MHz single-element transducer (1.9
cm diameter, 3.81 cm focal length, A381S, Panametrics, Olympus NDT Inc., Waltham,
MA) was positioned below the chamber and focused on the bottom window of the chamber.
Acoustic pulses generated by the transducer – 3.7 μs pulse duration, 10 ms pulse repetition
period (PRP), 4.7 MPa peak rarefactional pressure, 11.3 MPa peak compressional pressure -
were achieved using a function generator (33120A, Agilent Technologies, Palo Alto, CA,
USA) and power amplifier (55 dB, model A-300, E & I, Rochester, NY, USA). The
transducer was rastered via a computer-controlled positioning system, at 4 mm/s across the
chamber surface in order to vaporize the emulsion. Due to the volume of emulsion
introduced into the OptiCell™(1 mL), only a fraction of the chamber surface was covered
by the emulsion and subsequently insonified. The raster spacing was 0.5 mm; by
comparison, the −6 dB lateral beam width of the transducer was 0.88 mm. The total
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exposure time was 5 minutes. Following the US exposure, the mixture was removed from
the OptiCell™ and the ACT was measured as described previously. The volume fraction of
droplets vaporized was determined by counting the droplets remaining in the OptiCell™
post US exposure versus a control case (i.e. without US) with the Coulter counter, as
described previously for the fluorescein emulsions.

Statistical analysis
Each experimental value is expressed as mean ± standard deviation and the result of at least
three independent measurements. Statistically significant differences between experimental
groups were determined using a Student’s t-test. A significance level of 0.01 was used for all
comparisons.

RESULTS
Physiochemical characterization of fluorescein emulsions

Representative micrographs of the fluorescein emulsions are displayed in Fig. 2. The
aqueous droplets containing fluorescein (W1), stabilized by the Krytox-PEG copolymer, are
surrounded by PFC. The fluorescein droplets comprise a large volume fraction and are
homogenously distributed within the PFC globule. Similar structures were observed for the
thrombin emulsions. As seen in Table II, the mean diameter of fluorescein emulsions
containing PFP and PFH – F1 and F2, respectively – were not statistically different.
Additionally, the encapsulation efficiencies for F1 and F2 were not statistically different
either.

In vitro release of fluorescein
The retention of fluorescein within the emulsions, as evaluated using a Franz diffusion cell,
is shown in Fig. 3. The values in Fig. 3 were corrected for the aliquots of solution and hence
fluorescein mass removed during sampling. An aqueous solution of fluorescein, equal in
concentration to each emulsion, was used as a control. It was confirmed, by mixing blank
emulsion (i.e. without fluorescein) and fluorescein solution, that the presence of droplets
within the donor compartment did not statistically change the fluorescein diffusion across
the membrane for the fluorescein in solution. Therefore, the encapsulation of fluorescein
within the emulsion delayed its release, as is evident in Fig. 3, relative to the fluorescein
solution.

The fluorescein flux was calculated based on a linear regression of the data between 15 and
60 minutes, which yielded squared correlation coefficients (r2) greater than 0.95 in all cases.
The fluxes for F1 and F2 were 0.19 ± 0.02 μg/cm2/min and 0.07 ± 0.01 μg/cm2/min,
respectively. Note that the concentration of encapsulated fluorecein in F1 is higher than F2,
0.6 mg/mL versus 0.3 mg/mL. By comparison, when F1 and F2 are exposed to US and
fluorescein is released via ADV, the fluxes increase to 1.12 ± 0.24 μg/cm2/min and 0.60 ±
0.04 μg/cm2/min, respectively. This corresponds to a 5.7 ± 1.4 and 8.2 ± 1.3 fold increase in
flux for F1 and F2, respectively. These fluxes are not statistically different than the fluxes
obtained for fluorescein solutions of equal concentration. This is expected considering that
all of the droplets had been vaporized as a result of ADV, as seen in Table II.

Physiochemical characterization of thrombin emulsions
Table II lists the mean diameters for the five different thrombin emulsions (T1–T5). The
percent of droplets greater than 6 μm diameter, in terms of both number and volume, are
included to indicate how suitable the emulsions are for intravenous administration. The
percent of thrombin encapsulation is also included in Table II. T1, processed via sonication
during the second emulsification step, yielded the smallest mean diameter (1.6 μm). The
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shaken formulation, T2, yielded a mean diameter (2.6 μm) that was not statistically different
than the similarly processed fluorescein emulsions (F1 and F2). Alternatively, T3 –
processed via stirring – yielded the largest mean diameter (27.4 μm). The addition of glass
beads, in an effort to increase the shear force generated during stirring, caused the mean
diameters of T4 and T5 to decrease to 3.5 μm and 3.9 μm, respectively.

The thrombin emulsions were initially loaded with a thrombin concentration of 417 IU/mL.
The largest encapsulation efficiencies were obtained for the emulsions that were stirred in
the second emulsification step (T3-T5). The second emulsification step is critical when
forming double emulsions since excess shear or mixing can cause the W1 phase of the
primary emulsion (i.e. W1/PFC) to coalesce with the external aqueous phase (i.e. W2) (47).
Therefore, emulsification techniques that generate lower shear forces, such as stirring, are
amenable in the second emulsification step (48). Pair-wise comparisons between T3, T4, and
T5 indicate no statistically significant differences in the encapsulation efficiencies. Thus, in
the case of T4, the addition of glass beads decreased the droplet size without compromising
thrombin encapsulation. Additionally, increasing the viscosity of the W1 phase more than
1000× fold (49), as in T5, did not affect the encapsulation efficiency. As will be discussed in
the next section, the encapsulation efficiency of T2 is skewed by the denaturation of
thrombin during the second emulsification step. Upon warming the thrombin emulsions to
37°C and stirring simultaneously, no statistically significant changes were observed in the
encapsulation efficiency over a 1-hour period for any of the thrombin emulsions.

Formulation parameters affecting thrombin activity
Fig. 4 displays the measured ACT for different thrombin levels. The data was fit (r2 > 0.94)
using a sigmoidal curve used in previous works (17,42). There were no statistically
significant differences with the ACT data between 2.4 IU/mL and 24 IU/mL. Due to the
susceptibility of proteins to aggregate, denature, or lose activity during encapsulation
processes (50), the thrombin activity was measured – in terms of ACT – for thrombin
solutions that had been subjected to sonication, shaking, or stirring. No statistically
significant differences were observed in ACT, compared to the data in Fig. 4, when the
thrombin solution was sonicated, shaken, or stirred. For the sonicated and stirred cases, the
thrombin solution was placed in an ice bath during the processing and no significant
temperature increase was measured throughout the processing. For the shaken case, the
thrombin solution was chilled to 0°C prior to shaking; the temperature of the thrombin
solution inside the sealed vial, measured using a needle-type thermocouple inserted through
the rubber stopper, was 30°C after shaking. By comparison, human thrombin begins to
denature above 45°C (51). Processing the thrombin solution twice, as seen in Table I for T1-
T5, yielded no statistically significant differences, relative to Fig. 4, except in the case of T2
(i.e. sonication followed by shaking), where an approximate 300% increase in ACT was
observed. This increase in ACT was attributed to thrombin precipitation, as confirmed
visually and also with the colorimetric protein assay. Interestingly, switching the processing
order (i.e. shaking followed by sonication) did not cause a statistically significant difference
in the ACT.

Each emulsion component – Krytox-PEG copolymer, PFP, and Pluronic F-68 – along with
the blank emulsion was combined with a known concentration of thrombin (in solution) to
determine its effect on the ACT. The addition of PFP, up to 1000× greater in concentration
relative to the emulsions, did not cause a statistically significant difference in the ACT.
Pluronic F-68, a polymer with known antithrombotic properties (45,46) even in the presence
of weak coagulation agonists, did not produce a statistically significant difference in the
ACT when added at concentrations up to 100 mg/mL, which is 10× greater than the
concentration used for the emulsions. This is likely due to the use of thrombin, which is a
strong coagulation agonist, to form clots. As seen in Fig. 5, blank emulsions produced with
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increasing levels of Krytox-PEG copolymer did produce a statistically significant increase in
the ACT. The introduction of low concentrations of copolymer (i.e. 0.018 mg/mL blood) did
not significantly change the ACT, but a very large change (i.e. > 1100% increase) was
observed at higher Krytox-PEG copolymer concentrations (i.e. 0.05 mg/mL blood). No
statistically significant differences were observed in mean droplet diameter or droplet
number density (i.e. number of droplets per mL emulsion) across the range of tested Krytox-
PEG copolymer concentrations. Therefore, the thrombin emulsions used for subsequent
experiments, including for the data generated in Table II, were formulated using low
concentrations of Krytox-PEG copolymer.

In vitro release of thrombin
The validation of ADV-triggered release of thrombin from double emulsions was
determined using the ACT assay. As an indicator of thrombin retention within the emulsion,
the goal was to maximize and minimize the ACT without and with ADV, respectively.
Conceptually, the former goal translates into an infinite ACT for the case where thrombin is
highly retained in the emulsion, due to the presence of CPD in the blood. The latter goal, as
seen in Fig. 4, corresponds to an ACT of approximately 22 seconds. Fig. 6 displays the ACT
obtained for each thrombin emulsion listed in Table II with and without ADV. For 4 out of 5
formulations, T1 and T3-T5, a decrease in ACT was observed when the emulsion was
exposed to US, compared to the case without US; 3 out 5 formulations (T3-T5) exhibited
decreases that were statistically significant. Upon US exposure, T2 displayed an increase in
ACT compared to the case without US. The largest and smallest ACTs, prior to US
exposure, were exhibited by T3 and T4, respectively. T3 displayed the smallest ACT and
largest absolute percent change in ACT after ADV. A higher ACT (without ADV case) was
observed for T5 (with xanthan gum) relative to T4 (without xanthan gum), though the
percent change in ACT upon ADV was not statistically different for T4 and T5.
Additionally, as indicated in Table II, the droplets in T2 were completely vaporized after
ADV. Table III shows the thrombin concentration in blood, with and without ADV,
calculated using the sigmoidal fit in Fig. 4 and the ACT values in Fig. 6. The values in Table
III are smaller than the theoretical thrombin concentration (46.3 IU/mL), assuming the
complete release of thrombin from the emulsion and no inactivation.

DISCUSSION
This study focuses on the development of PFC double emulsions that carry a water-soluble
payload and release the payload upon ADV. In general, the coupling of drug release with
ADV has three potential therapeutic advantages, beyond the advantages previously
described for US-triggered drug delivery; these synergisms are unique to therapies involving
ADV and build upon previous studies involving ADV-induced vascular occlusion (26–28).
First, the simultaneous release of a chemical embolic agent, such as thrombin, upon ADV
can be used to sustain an ADV-generated microbubble embolization. Second, the ischemia
generated by vascular occlusion could increase the residence time of a therapeutic agent
within the occluded tissue region, potentially increasing the amount of agent that diffuses
into the tissue. Third, prolonged ischemia can generate hypoxia, which could be used to
activate water-soluble, bioreductive prodrugs, such as NLCQ1 (52), encapsulated within the
emulsion.

Due to the extremely hydrophobic and lipophobic qualities of PFCs (16), the choice of
surfactants suitable for stabilizing reverse PFC emulsions (i.e. W/PFC) are quite limited
(38,53). The synthesized Krytox-PEG copolymer enabled the formation of a stable primary
emulsion (W1/PFC) compared to primary emulsions prepared using the unmodified Krytox.
This is likely due to the presence of the hydrophilic PEG group that stabilizes the W1/PFC
interface (54). The use of a non-ionic hydrophilic group minimizes potential interactions
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between the surfactant and charged therapeutic agents, such as proteins, which could lose
biological activity while encapsulated in the W1 phase (55). Similarly structured Krytox-
PEG copolymers have displayed favorable biocompatibility properties when used to
encapsulate mammalian cells or small multicellular organisms within aqueous
microcompartments surrounded by PFC (38,56).

The PFC layer separating the payload containing W1 phase from the exterior W2 phase
serves a dual purpose. First, the PFC acts as a diffusion barrier, thereby preventing the
inward or outward diffusion of material, such as the payload, from the W1 phase; this is
clearly seen, for example, in Fig. 3 and with the calculated fluxes for F1 and F2. The
minimization of payload diffusion from the emulsion is important in order to couple payload
release with ADV of the emulsion. Since the viscosities of PFP (0.64 mPa s) and PFH (1.11
mPa s) are close to that of saline (i.e. W1 phase), the barrier property of the PFC phase is
likely due to hydrophobic and lipophobic properties of the PFC (16) and not due to any
restriction in payload diffusion due to the PFC viscosity (41). Second, the PFC phase
vaporizes upon ADV, thereby releasing the W1 phase into the W2 phase. Since the ADV
threshold scales inversely with degree of PFC superheat when the degree of superheat is
negative (42), low boiling point liquids should be used as the vaporizable phase of the
emulsion in order to minimize the acoustic energy required for ADV to occur at normal
body temperature. Straight-chain PFCs, such as PFP, meet this boiling point requirement
along with being biocompatible and inert (16). Previous studies with PFC droplets (42) and
PFC droplets containing an oil layer (18,19) demonstrated an increase in mean droplet size
as the boiling point, and hence viscosity, of the PFC phase increased. An increase in the
dispersed phase viscosity is known to cause an increase in particle size (57). Since F1 and
F2 - composed of PFP and PFH - respectively, possessed mean diameters that were not
statistically different, this may imply that the volume fraction of PFC within each globule is
relatively small such that the globule viscosities of F1 and F2 are similar.

Currently, the primary clinical use of thrombin is topical hemostasis (58). The intravascular
use of thrombin has been limited to procedures where thrombin is administered via a
catheter, as in the treatment of pseudoaneurysms (36,37), due to the risk of mortality
associated with extensive intravascular clotting. The encapsulation of thrombin within a
PFC emulsion and its subsequent release upon ADV could enable the targeted formation of
thrombi within the vasculature. Additionally, due to the short (< 15 s) half-life of thrombin
in human plasma (59), a colloidal thrombin formulation could increase the stability of the
administered thrombin (60–62).

Thrombin activity, as measured via the ACT assay, was maintained during all emulsification
steps except in the case of T2 (sonication followed by shaking). Structural changes,
denaturation, and loss of activity can occur when proteins are exposed to US (63) or high
shear rates (64). Thus, sonication (under chilled conditions) may have rendered the thrombin
more susceptible to denaturation during shaking, where a temperature increase and high
shear stresses were generated. Interestingly, the reverse processing conditions were not
harsh enough to reduce the thrombin activity. In addition, thrombin activity was impacted by
the presence of high levels of the synthesized, Krytox-PEG copolymer (Fig. 5). In this study,
Pluronic F-68, a polymer with known antithrombotic properties (45,46), did not alter the
ACT in the presence of thrombin. Pluronic F-68 can become embedded into the cell
membrane of platelets, thereby inhibiting platelet aggregation by sterically hindering
interactions between platelets and lowering interfacial tension (45). Due to the structural
similarities between the Krytox-PEG copolymer and Pluronic F-68, it is possible that the
mechanism causing an inhibition in platelet aggregation is similar in both cases. When the
emulsions with high Krytox-PEG copolymer concentrations were washed in triplicate (via
centrifugation), the obtained ACTs were not statistically different from the control case.
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This observation, combined with the statistically constant droplet diameter and number
density across the range of Krytox-PEG copolymers tested, suggest that excess copolymer
was present when the concentration exceeded 0.05 mg/mL blood.

The thrombin emulsions displayed higher percent encapsulations than the fluorescein
emulsions. This may be due to the smaller osmotic pressure difference across the W1/W2
phases of the thrombin emulsion. Large differences in osmotic pressure can cause the rapid
breakdown of double emulsions to simple emulsions (i.e. PFC/W) (65). Despite the stable
retention of thrombin within the emulsions over a 1-hour period, some thrombin was
released from the emulsions in the absence of US during the ACT measurements (Fig. 6).
However, due to the high loading of thrombin within the emulsions (417 IU/mL), the release
of a small amount of thrombin could alter the ACT (Figs. 4 and 6). This release could have
been facilitated by the movement of the magnet over the glass beads in the ACT tube,
thereby grinding the droplets. In vitro studies have indicated that less than 0.1 IU/mL
thrombin is required to trigger the onset of clot formation whereas the concentration of free
thrombin during a coagulation reaction ranges from less than 0.1 IU/mL to greater than
11.5-57.5 IU/mL (66). Comparatively, the normal concentration of prothrombin (factor II),
the inactive precursor of thrombin, is approximately 1.3 IU/mL in adult humans (67). As
seen in Fig. 6 and Table II, T3 displayed the largest and smallest ACT values before and
after ADV, respectively. Thrombin was most highly retained in T3 before ADV, whereas
ADV caused a tenfold increase in the amount of thrombin released (Table III). Due to larger
mean diameter of T3 (27.4 μm) relative to the other thrombin formulations, T3 is most
amenable to intraarterial administration, similar to double emulsions utilized in the treatment
of hepatocellular carcinoma (68).

The effect of ADV on protein stability, specifically proteins released from PFC emulsions
via ADV, is currently unknown. Previous work (42) demonstrated that ADV can occur
independently of inertial cavitation, a mechanism that can induce molecular damage. The
volume percent of droplets vaporized (Table II) was larger than the percent of thrombin
released estimated using the concentrations in Table III. For example, 28.7% (by volume) of
T4 was vaporized as a result of ADV, but only 2.4% of the thrombin was released based on
the measured ACT. As seen in Fig. 4, the ACT levels off for thrombin concentrations higher
than 10 IU/mL; thus the ACT cannot be used to calculate high thrombin concentrations,
such as that which would be obtained theoretically if complete thrombin release from the
emulsion were to occur (46.3 IU/mL). Even with this consideration, the large difference
between the volume percent of droplets vaporized and the percent of thrombin released
could indicate that ADV is inactivating the thrombin, especially considering the rapid
consumption of PFC observed during ADV (43). Precipitated thrombin - an indicator of
thrombin inactivation - was not seen with T3 after ADV, despite the complete vaporization
of the emulsion; due to the partial vaporization of the other formulations, it was not possible
to observe precipitated thrombin. Previous studies (17) focusing on the release of a small
molecular weight compound (304.2 g/mol) via ADV did not demonstrate molecular
inactivation due to ADV. Large molecules, such as thrombin (~ 36000 g/mol), can
experience broken chemical bonds due to the shear forces generated by the rapid motion of
solvent following cavitational collapse (69). Additionally, as seen for T2 (Fig. 6), ADV
caused additional inactivation of thrombin that had already been partially inactivated, which
causes the ACT to increase after droplet vaporization. The investigation of acoustic
parameters that would maximize thrombin release but minimize the apparent thrombin
inactivation are beyond the scope of this work.
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CONCLUSIONS
PFC double emulsions can serve as carriers for water-soluble therapeutic agents. These
emulsions can be vaporized using US, thereby releasing the encapsulated agent from the
emulsions via ADV. The use of a Kytox-PEG copolymer, which was found to have
antithrombotic properties at higher concentrations, enabled the stable formation of the
primary emulsion. Both fluorescein and thrombin were highly retained in the emulsions;
ADV caused a statistically significant increase in fluorescein and thrombin release. The
results also suggest that thrombin inactivation may be occurring as a result of the ADV
process. Future studies are focused on understanding this inactivation, especially as it relates
to ADV and inertial cavitation, and demonstrating the synergisms of ADV and drug delivery
in vivo.
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ABBREVIATIONS

ACT activated clotting time

ADV acoustic droplet vaporization

CPD citrate-phosphate-dextrose

PEG polyethylene glycol

PFC perfluorocarbon

PFH perfluoro-n-hexane

PFP perfluoro-n-pentane

PRP pulse repetition period, PRP

US ultrasound

W1/PFC/W2 water-in-perfluorocarbon-in-water
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Fig. 1.
The Kytox 157L FS is first converted into an acid chloride and then reacted with PEG-
diamine to form a copolymer via amide linkages.
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Fig. 2.
Micrographs of a W1/PFC/W2 emulsion containing fluorescein in the W1 phase. The left
image is an overlay of both visible and fluorescent micrographs. The scale bar is 8 μm. The
structure of the W1/PFC/W2 emulsion – water droplets containing fluorescein within a
globule of PFC - can be clearly seen in the right image, which displays a 100 μm diameter
globule.
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Fig. 3.
In vitro release profiles of PFP (left) and PFH (right) double emulsions containing
fluorescein at 37°C. In each case, the release profiles obtained from the emulsion, with and
without ADV, are compared to a solution of fluorescein of equal concentration. The
fluorescein concentration for the PFP and PFH emulsions are 0.6 mg/mL and 0.3 mg/mL,
respectively.
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Fig. 4.
Reference curve displaying the activated clotting time (ACT) for canine blood, stored with
citrate-phosphate-dextrose (CPD) solution, as a function of thrombin concentration.
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Fig. 5.
Anticoagulative effect of the Krytox-PEG copolymer used in the thrombin emulsions. A
blank emulsion, containing Krytox-PEG copolymer was mixed with thrombin solution. An
aliquot of the resulting mixture, containing 1 IU thrombin, was added to blood containing
CPD. Points marked with an asterisk (*) indicate copolymer levels that are not statistically
different than control case (i.e. without copolymer).
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Fig. 6.
The effect of ADV (3.5 MHz, 3.7 μs pulse duration, 10 ms PRP, 4.7 MPa peak rarefactional
pressure, 11.3 MPa peak compressional pressure, 5 minute exposure) on the ACT for five
different thrombin formulations. Cases where the ACT was statistically different after ADV
are denoted by an asterisk (*).
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Table I

Summary of fluorescein and thrombin emulsions used for studies. In all cases, the primary emulsion was
formed using sonication.

Formulation Compound PFC Processing during 2nd emulsification step

F1 Fluorescein PFP Shaking

F2 Fluorescein PFH Shaking

T1 Thrombin PFP Sonication

T2 Thrombin PFP Shaking

T3 Thrombin PFP Stirring

T4 Thrombin PFP Stirring + glass beads

T5 Thrombin (+ xanthan gum) PFP Stirring + glass beads
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Table III

The thrombin concentration in blood, estimated from the regression in Fig. 4 and the data from Fig. 6. The
thrombin concentration, assuming the complete of release of thrombin from the emulsion and no inactivation,
should have been 46.3 IU/mL.

Formulation

Thrombin concentration (IU/mL blood)

Without ADV With ADV

T1 0.5 ± 0.05 0.6 ± 0.09

T2 0.4 ± 0.03 0.2 ± 0.01

T3 0.3 ± 0.03 3.1 ± 0.4

T4 0.8 ± 0.01 1.1 ± 0.7

T5 0.5 ± 0.02 0.6 ± 0.02
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