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This study investigated oxygen scavenging efficiency and the risk of embolization of the cardiac
vasculature using ultrasound-triggered phase-shift perfluorobutane (PFB) droplets in vitro and ex vivo.
The emulsion comprised lipid-shelled perfluorobutane core droplets with a modal diameter of 0.98 +
0.03 um. The droplets were prepared using a high-pressure microfluidizer. The embolization risk was
assessed using a modified ex vivo rat Langendorff preparation to accommodate an EkoSonic™
Endovascular Device. The EkoSonic™ Device was composed of an infusion catheter and an ultrasonic
core to generate ultrasound at 2.35 MHz and nucleate acoustic droplet vaporization of the droplets. The
oxygen scavenging efficiency was studied in an isolated beating heart and an in vitro flow phantom
setup with target concentrations ranging from 0.05 x 107* to 5.0 x 10™* mL mL™%. Gas embolization
from the acoustic droplet vaporization (ADV)-nucleated microbubbles was assessed based on cardiac
perfusion and cardiac functional parameters. No change in cardiac perfusion was observed when using
droplets with target concentrations below 1.5 x 10™% mL mL™%, either with or without ultrasound
insonation of the droplets. Oxygen scavenging increased with increasing droplet target concentration.
The ADV transition efficiency increased with increasing droplet concentration between 0.05 x 10™* and
0.5 x 107* mL mL™! and decreased for higher concentrations. The conclusion of this study was that
ultrasound-triggered phase-shift perfluorobutane droplets effectively scavenge oxygen without causing
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DOI: 10.1039/d4tb02700k significant embolization at concentrations below 1.5 x 10~* mL mL™% Oxygen scavenging increased
with higher droplet concentrations, whereas the transition efficiency of ADV reached the largest value at
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contributors to reperfusion injury. The reperfusion injury occurs
rapidly, such that administering ROS-neutralizing agents at the

Introduction

Myocardial reperfusion injury is a well-established consequence
of treating acute myocardial infarction and other ischemic heart
conditions."” Reoxygenation-dependent injury was discovered in
the 1970s’ leading to the so-called oxygen paradox.* Within
seconds to minutes after reperfusion, molecular oxygen is con-
verted to excess reactive oxygen species (ROS),>® which are key
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time of reperfusion is insufficient to prevent reperfusion injury.
However, reduced molecular oxygen bioavailability during acute
reperfusion can reduce the reperfusion injury based on ex vivo
studies.””®

Our lab has proposed a new approach to reduce the bio-
availability of oxygen in the myocardium during acute reperfu-
sion by modifying dissolved gas content in fluids using acoustic
droplet vaporization (ADV). ADV is the phase transition of
perfluorocarbon (PFC) liquid droplets to gas microbubbles.” ™
The resulting microbubbles are potent gas scavengers.'*® This
strategy holds potential as a targeted and efficient intervention
to alleviate the detrimental effects of acute reoxygenation in
cardiovascular ischemic diseases, providing new hope in the
quest for effective cardioprotective therapies. We envision apply-
ing this strategy in the clinical setting using a catheter-based
device'” that could simultaneously establish reperfusion, such as
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via balloon angioplasty, and deliver PFC droplets with ultra-
sound activation to the same vascular bed."”

Kripfgans et al.,'® Kang et al.,'® and Sheeran et al.'® reported
that following ADV, gases that had been dissolved in the surround-
ing fluid can diffuse into the ADV microbubbles. Ingassing occurs
due to an approximately 125-fold volumetric expansion of PFC."?
When PFC droplets are administered outside of the target tissue
bed, oxygen can be taken up by the PFC and subsequently
delivered to other tissues. Johnson et al?® demonstrated that
liquid perfluoropentane (PFP) droplets alone (i.e., no ADV) can
scavenge dissolved oxygen from the surrounding fluid. Culp et al.>*
subsequently demonstrated that perfluoropentane (PFP) droplets
can transport sufficient oxygen to ischemic tissue to decrease
infarct volume in a rabbit stroke model. This effect is not dissim-
ilar to PFC-based blood substitutes, such as Fluosol.?>>* We have
proposed performing ADV in or just proximal to the target tissue
e.g., in the left anterior descending coronary artery for treatment of
an ST-elevated myocardial infarction.

ADV ingassing is substantial enough to cause as large as a
70 to 80% Py, reduction in the fluid containing the PFC
droplets that undergo ADV.'*'*?® Increasing the amount of
phase transitioned PFC increases oxygen scavenging. Recently,
Benton et al.'® demonstrated that ADV of perfluoropentane
droplets could be nucleated with a clinically used intravascular
ultrasound device, with substantial Po, reduction.

ADV of PFC droplets has been studied for several other
biomedical applications,">**?° including contrast enhanced
ultrasound (US) imaging and drug delivery, due to, in part,
their stability and hour-long circulation times.**™** PFC micro-
bubbles created via ADV have been shown to occlude capillary
beds and arterioles, which can facilitate embolotherapy in
cancer treatment.'>*®° The potential of gas embolization
increases with increasing microbubble size relative to the
vasculature.”® Interestingly, as oxygen scavenging occurs, the
microbubble grows in size."®*° Samuel et al.** and Harmon
et al.** have demonstrated the feasibility and efficacy of using
ADV to noninvasively generate emboli within vasculature. ADV
embolotherapy involves the accumulation of microbubbles,
which are at least 5-6 times larger in diameter than the
originating droplets, within the vasculature.***> However, the
ability to consistently embolize (occlude) large vessels may be
partially dependent on the droplet size and concentration.*®
Although ADV-nucleated gas emboli may be helpful for therapies
that benefit from reduced perfusion, it may be detrimental in
other therapeutic applications. The use of ADV microbubbles for
oxygen scavenging to inhibit reperfusion injury'*"'>? after restora-
tion of blood supply to the heart is an application where gas
embolization could be detrimental. Increasing the droplet concen-
tration would increase the magnitude of oxygen scavenging"® but
may also increase the risk of gas embolization.**

Because the oxygen scavenging magnitude depends on the
amount of phase transitioned perfluorocarbon, increasing the
droplet concentration is necessary for efficient therapy. PFP is
commonly used in ADV experiments, but the fraction of PFP
droplets undergoing ADV decreases as the droplet diameter
decreases. Low-boiling-point PFCs, such as perfluorobutane

9066 | J Mater. Chem. B, 2025, 13, 9065-9080

View Article Online

Journal of Materials Chemistry B

(PFB, —2 °C), facilitate the use of lower acoustic amplitudes
for ADV nucleation than higher boiling point PFCs like PFP
(29 °C).*’ Stone et al.'® recently demonstrated that PFB has higher
transition efficiency than PFP under the same conditions, sup-
porting the potential of PFB in oxygen scavenging applications.

The aim of this study was to investigate the possibility of
using PFB droplets formulated using a lipid shell to achieve
oxygen scavenging without causing detrimental cardiac gas
embolism. In the first section of this article, PFB droplets were
prepared, and size distribution measurements were performed
to assess droplet stability and concentration under different
storage conditions. In the second section, the risk of gas
embolization, assessed by changes in the perfusion flow rate,
with these droplets at five different concentrations was studied
in a Langendorff preparation using isolated perfused rat hearts
with or without ADV. The risk of cardiac dysfunction due
to embolization was assessed in the Langendorff preparation
via metrics of left ventricular pressure. Langendorff-perfused
isolated rat heart systems are well-established and highly con-
trolled ex vivo models used for the analysis of cardiac function in
response to organ injuries or treatments.*® In the third section,
oxygen scavenging using PFB droplets was studied in ex vivo
isolated hearts and in vitro using a flow phantom setup. The
in vitro oxygen scavenging data were used to calculate the
transition efficiency of the five different droplet concentrations
studied ex vivo.

Materials and methods
Droplet formulation

A droplet emulsion was created with a lipid shell and a core of
perfluorobutane. All lipids were purchased from Avanti Polar
Lipids (Alabaster, AL, USA) and PFB was purchased from
FluoroMed (Round Rock, TX, USA). The outer layer was
composed of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-
(polyethyleneglycol)-2000] (DSPE-PEG2000), which had been dis-
solved in chloroform. DSPC and DSPE-PEG2000 were mixed in a
molar ratio of 9: 1 with a total lipid concentration of 3.5 mg mL "
in a glass round bottom flask. Then a thin lipid film was formed
on the side of the vial by gently evaporating the chloroform under
nitrogen using a rotary evaporator for 1-2 hours. The flask was
rotated with the bottom portion placed in a 43 °C water bath. The
film was then hydrated with an aqueous excipient solution
consisting of phosphate buffered saline (PBS, 1x), propylene
glycol, and glycerol at a v/v/v ratio of 16:3:1. After adding the
excipient solution, the flask was submerged in a water bath at
70 °C for 15 min, followed by 30 min of sonication in a bath
sonicator (Branson Ultrasonics™ by Thermo Fisher Scientific,
Rockford, IL) at 68 °C. The resulting sample was cooled to 4 °C
for at least 10 min and no longer than overnight. The lipid
solution was subsequently aliquoted with a volume of 2 mL into
a 2 mL serum vial and sealed with a butyl septum.

PFB was condensed by flowing PFB gas under a pressure of
20 psi into a 2 mL serum vial cooled on dry ice. Using a

This journal is © The Royal Society of Chemistry 2025
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standard 1 mL syringe with a 22-gauge needle, 400 pL of the
liquid PFB was drawn up and added to the aliquoted lipid
solution through the rubber stopper. The serum vial was kept
on ice at 4 °C for 10 min.

A PFB coarse emulsion was formed via 45 s of amalgamation
using a VIALMIX (Lantheus Medical Imaging, North Billerica,
Massachusetts, USA). Following amalgamation, the sample was
stored at 4 °C for 20 min to stabilize. The resulting coarse
emulsion was pipetted into a 3 mL syringe and processed
through direct high-pressure homogenization in an LV1 micro-
fluidizer (Microfluidics International Corporation, Westwood,
MA, USA) with both the coil and tray remaining cooled to
—15 °C using ice and dry ice baths. The coarse emulsion was
passed through the microfluidizer at 13 000 psi once, resulting
in PFB droplets. PFB droplets were added in 4 mL aliquots to 6
mL serum vials and sealed.

Droplet sizing

All PFB droplet size distributions were measured in triplicate
for three different droplet samples (9 total measurements)
using a Multisizer 4 Coulter counter (Beckman Coulter Inc.,
Brea, CA, USA). Stock solutions of PFB droplets were diluted
1:40000 in filtered (0.2 pm) PBS. A 20 um aperture tube was
used to measure the volume-weighted size distribution between
0.4 and 12 pm, using 200 linearly spaced bins. Volume-weighting
was used because it scales with the magnitude of oxygen
scavenging.'*'*** The volume-weighted modal diameter, concen-
tration (mL of droplets per mL of buffer), and the polydispersity
index (PDI, the number-weighted droplet size distribution stan-
dard deviation divided by the mean volume-weighted droplet
diameter, quantity squared)'® values were reported. The measured
volume-weighted concentration obtained using Multisizer 4 soft-
ware was scaled by the dilution factors and integrated over all
diameters to yield the total droplet volume. The volume of the
lipid shell was assumed to be negligible and thus the total PFB
volume was estimated to be the same as the total droplet volume.

Sample stability

After preparation, the samples of PFB droplets were stored at
4 °C. These droplet samples were characterized in triplicate
using the Multisizer 4, as already described, at the time of
manufacture and then approximately every 3 days over 23 days.
Three additional samples were stored at room temperature
(22.6 £ 0.1 °C). These samples were characterized in triplicate
at the time of manufacture and then 5 min, 20 min, 40 min,
60 min, 1 h, 2 h, 3 h, 4 h, and 5 h later.

Nucleation of acoustic droplet vaporization

An EkoSonic™ endovascular device (6 cm treatment zone,
106 cm working length, model 500-55106, Boston Scientific,
Inc., Natick, MA, USA) was commercially purchased and used to
insonify the infused droplets in order to nucleate ADV. The
EkoSonic™ endovascular device consisted of an ultrasonic core
with 6 pairs of ultrasound transducer elements.'”> The ultra-
sonic core was inserted as per the manufacturer’s instructions
into the provided infusion catheter, designed for disposable

This journal is © The Royal Society of Chemistry 2025
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clinical use.**°

However, for cost-efficiency, the catheters in this
study were reused across multiple experiments. The infusion
catheter and ultrasonic core were thoroughly flushed using deio-
nized, sterilized water between each trial. As a quality control
metric, the electrical impedance of the ultrasonic core was mea-
sured daily (Aim4170D, Array Solutions, Sunnyvale, TX, USA),
and only ultrasonic cores with a phase between —15° and 10° at
2.35 MHz (the ultrasound insonation frequency) were utilized."

The ultrasonic core of the EkoSonic™ catheter was driven by
a 40-cycle tone burst with a burst period of 1.000 ms, using an
AFG3500B waveform function generator (Keysight Technologies,
Inc., Santa Rosa, CA, USA). A power amplifier was used to obtain
a pulse-average electrical drive power of 46.7-47.0 W, corres-
ponding to an estimated peak rarefactional pressure at the
exterior surface of the catheter over each transducer pair of
1.5 MPa,*® the maximum drive power in the FDA-cleared device
clinical protocol used for the EkoSonic™ endovascular device.”"
The electrical drive power was computed from the measured
impedance of the catheter and voltage applied to the catheter,
as measured using an oscilloscope with a 100x reduction probe.
The acoustic field pattern emitted by a transducer pair was
reported by Lafond et al.*’

Ex vivo Langendorff preparation

All animal procedures were approved by the University of
Cincinnati Institutional Care and Use of Animals Committee
(protocol 21-10-24-01). Fifty Male Sprague-Dawley rats weighing
between 270.6 + 2.6 grams received Fatal-Plus® (65 mg sodium
pentobarbital per mL of solution) administered via intraper-
itoneal injection at a dose of 50 mg kg~ ' (Patterson Logistics
Services, Blythewood, SC, USA). Heparin was used at the same
time via intraperitoneal injection. After confirming no nocicep-
tor response via toe pinch, hearts were rapidly excised using a
standard technique®® and mounted onto a Langendorff perfu-
sion apparatus (Fig. 1). The hearts were perfused under recir-
culating conditions, maintaining a perfusion pressure of
78 + 4 mmHg. The perfusate was Krebs-Henseleit buffer
(KHB); composed of 119 NaCl, 4.7 KCl, 1.2 MgSO,, 1.25 CaCl,,
1.2 KH,PO,, 25 NaHCO3, and 11 glucose (all values in milli-
molar [mM]). Prior to use, the buffer was subjected to vacuum
filtration using a 1 um filter to remove any particulate matter.
This solution was continuously bubbled with a mixture of 95%
0O, and 5% CO, to maintain a stable pH of 7.4 and a consistent
oxygen partial pressure of 523 + 34 mmHg. The temperature
of the oxygenated KHB was rigorously maintained within the
range of 36.5 to 37.5 °C going into the heart using water
jacketing. The dissolved oxygen (Po) and temperature were
measured with a flow-through sensor (TOFTC2, PyroScience
GmbH, Aachen, Germany) integrated into the system just
proximal to the heart. Left ventricular pressure was recorded
using a standard left ventricular balloon and pressure sensor.>
Cardiac function, including left ventricular developed pressure
(LVDP), the rate of contraction and release (maximal and
minimal dp/dt), and left ventricular end diastolic pressure
(LVEDP), were computed using LabChart. Perfusion flow rate
was recorded (Transonic Systems Inc., Ithaca, NY, USA).
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Fig. 1 (a) Timeline of Langendorff perfusion for isolated rat hearts. (b) Schematic diagram of the Langendorff apparatus. The Langendorff apparatus
featured a reservoir of oxygenated KHB (partial pressure of oxygen (Poz) of 523 &+ 34 mmHg). KHB was pumped through the system in tubing (cyan) within
water-jacketing (blue) to ensure a temperature of 37 °C. Cardiac function assessment utilized a balloon placed in the left ventricle, while perfusion flow
rate was monitored through an in-line flow probe. Droplets were introduced into the Langendorff system via a syringe pump through the coolant lumen
of the EkoSonic™ infusion catheter. The water jacketing tubing was filled with KHB. The EkoSonic™ ultrasonic core (yellow) was also inserted through the
coolant lumen. A 2.35 MHz pulsed ultrasound tone burst was applied to the droplets using a 6 cm treatment zone EkoSonic™ ultrasound core. The P02 in

the buffer entering the heart was measured using a flow-through oxygen sensor. (Created with https://BioRender.com.)

Cardiac function and flow rate were recorded using PowerLab
and LabChart (ADInstruments, North America, Colorado
Springs, CO, USA) throughout the experiment.

The standard constant pressure Langendorff preparation
was modified to enable infusion of the PFB droplets through
an EkoSonic™ endovascular device following an initial 20 min
stabilization phase (Fig. 1a). Droplets were infused through the
coolant port of the EkoSonic™ infusion catheter at 5 mL min~".
The EkoSonic™ infusion catheter was placed in a tubing filled
with KHB using a hemostasis valve and surrounded by water
jacketing to maintain a temperature of 37 °C. The tubing with the
EkoSonic™ infusion catheter joined the Langendorff setup distal
to the peristaltic pump but proximal to the bubble trap (designed
to trap macrobubbles® and not microbubbles) (Fig. 1b). The flow
rate from the peristaltic pump was 16 mL min~ ", so the droplets
were diluted by a factor of 3.2 when mixed. The bubble trap was
placed above the heart to achieve a constant perfusion pressure
head. A bypass at the bubble trap allowed the perfusion flow rate
to be determined by the resistance of the heart. This setup
enabled a consistent droplet dilution independent of fluctuations
in perfusion flow rate. The droplet stock concentration was
measured and appropriately diluted in KHB to achieve target
concentrations of droplets entering the heart for each experiment.
The volume-weighted droplet target concentrations perfusing the
heart were 0.25 x 10~% 0.5 x 107%, 1.5 x 107% 2.5 x 107*, and

9068 | J Mater. Chem. B, 2025, 13, 9065-9080

5 x 107* mL mL™". These target concentrations were selected
based on prior studies of ADV-mediated oxygen scavenging
performed by Benton et al.'®> Droplet infusions lasted for 2 min.
The EkoSonic™ infusion catheter was primed with KHB. The time
taken for the solution to travel from the EkoSonic™ infusion
catheter’s tip to the flow-through sensor was approximately 1 min.
Subsequently, a 20-minute period of recovery and stabilization
ensued (Fig. 1a). Dissolved oxygen, perfusion flow rate, and
cardiac function measurements were acquired in real-time
throughout each experiment. If the perfusion flow rate and
cardiac function measurements dropped by greater than 90%
for several minutes, the heart was assumed to be in an unrecover-
able injury and the experiment ended early.>

The data for each experiment could be grouped into three
distinct phases: before infusion (syringe pump for droplet
infusion off), during infusion (syringe pump for droplet infu-
sion on and the time taken for the droplets to flow from
the catheter to the heart) and after infusion (syringe pump
and EkoSonic™ ultrasound core off and no droplets are antici-
pated to still be flowing in the system) (Fig. 1a). The during
infusion period occurred either without ultrasound to deter-
mine the effect of droplets or with ultrasound to determine
the effect of microbubbles formed via ADV. All experiments
involving P, measurements were repeated six times unless
otherwise noted.

This journal is © The Royal Society of Chemistry 2025
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In vitro flow phantom setup

An in vitro flow phantom, previously used to investigate ADV-based
oxygen scavenging with droplets'® (Fig. 2), was used to measure
ADV-mediated oxygen scavenging and calculate the ADV transition
efficiency of droplets. Briefly, a peristaltic pump was used to
circulate oxygenated deionized water through the flow phantom
at a flow rate of 16 mL min~". The oxygenated de-ionized water was
prepared in a covered 4 L reservoir by constantly bubbling a 95%/
5% 0,/CO, gas mixture. The oxygenated water’s temperature was
maintained in the range of 36.5 to 38.0 °C with a water bath and
water jacketing. The corresponding Po, of the oxygenated deionized
water was 553 £ 8 mmHg. An EkoSonic™ endovascular device was
used to both infuse droplets and nucleate ADV using the same
ultrasound parameters reported in the ex vivo Langendorff section.
The effect of droplet concentration on the oxygen scavenging was
measured using the same in-line oxygen sensors. The target
volume-weighted droplet concentrations were 0.0 x 10~* (no
droplet, negative control), 0.05 x 107% 0.25 x 107% 0.5 x 107*
2.5 x 107% and 5 x 107" mL mL™". In vitro experiments were
performed with the droplets infused through the catheter for 1 min
before ultrasound insonation so that the effect of the droplets on
oxygen scavenging could be determined separately from the effect
of ADV. Ultrasound remained turned on until a steady state of Po,
was achieved. This approach was not feasible in the ex vivo hearts
due to the potential cumulative effect on the heart of droplets and
microbubbles formed via ADV (e.g:, droplet or gas embolization).

Transition efficiency calculation

A physics-based model was used to estimate the droplet transi-
tion efficiency. The model of Radhakrishnan et al.'*® was

—_—

} DO and Temp Effltent
Sensor

() =
(«B)

(<)

|:|- Water Jacketed Tubing

l |:’ - Oxygenated Water

—_—

((( ))) - Oxygenated Water and
Water-Jacketed Droplets
((( ,)) Tubing
( & ) | - Oxygenated Water and
(@) Peristaltic Droplets/Bubbles
Pump
Ekos Catheter I
Based
Ultrasound
Oxygenated
s Water
ample
Reservoir and

Syringe Pump

Fig. 2 Schematic diagram of the in vitro flow phantom. The oxygenated
deionized water reservoir and tubing were warmed. Droplets were infused
through the flow system using a syringe pump through an EkoSonic™
infusion catheter, which was maintained at 37 °C. The oxygenated water
had an initial partial pressure of oxygen (Po,) of 553 & 8 mmHg. A 2.35 MHz
pulsed ultrasound tone burst (40 cycles) insonified the droplets usinga 6 cm
treatment zone EkoSonic™ ultrasonic core. The Po, in the fluid downstream
of the catheter was measured using a flow-through oxygen sensor. The
figure was reproduced from Benton et al.,**> which used an identical setup.
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inverted to estimate the volume of perfluorobutane transi-
tioned from liquid to gas based on the measured oxygen partial
pressures before ADV and during ADV and the measured
droplet concentration in the sample reservoir without ultra-
sound exposure.'® The ratio of other gasses, such that the sum
of the partial pressures in the model was 760 mmHg, was based
on humidified air. Thus, there were 154.6 mmHg, 0.3 mmHg,
59.4 mmHg, 7.1 mmHg, and 47 mmHg of O,, CO,, N,, Ar, and
H,0, respectively. A temperature of 37 °C was assumed in the
model. The solubility of oxygen was assumed to be 964 L atm
per mol in water.>>>* The effect of PFB solubility in buffer
(1.5 mg L™ " (ref. 55)) was neglected when calculating transition
efficiencies because, at the lowest concentration, only approxi-
mately 4% of the liquid PFB would dissolve into the buffer.
The volumetric expansion factor (162.12x) was calculated
based on the change in density of liquid and gaseous perfluor-
obutane (liquid PFB density: 1517 kg m~® and gas density:
9.93 kg m ?).°*% Surface tension and viscosity were not
considered for the numerical model.

Data analysis

All presented data are expressed as the mean + standard error
mean (SEM). Thermal stability at 22 °C and storage stability at
4 °C were assessed through mixed-effect models. P-values less
than 0.05 were considered statistically significant.

Cardiac function was assessed via coronary perfusion flow,
left ventricular developed pressure (LVDP), left ventricular end
diastolic pressure (LVEDP), and the maximum rate of contrac-
tion (maximal dp/d¢) and relaxation (minimal dp/d¢). The LVDP,
flow rate, maximal dp/d¢, minimal dp/d¢ and LVEDP were
averaged every 1 min for the whole 45 min of experiments.
Cardiac function parameters were derived from measured left
ventricular pressure using built-in functions within LabChart.
Cardiac function and oxygen scavenging relative to baseline
values (i.e., before infusion) were analysed at two-time win-
dows. The first window was designed to capture the transient
effects of droplet infusion (either with or without ultrasound).
Within the five minutes immediately following the start of
droplet infusion (i.e., the during infusion period), the time-
point of maximum change relative to the average stabilization
(i.e., the before infusion period) was determined and the
cardiac function at this point was compared to the average
value of the final five minutes of the before infusion period.
The fraction of hearts with less than 10% change (i.e., minimal
effect) was tallied. The second window compared the average
value of the last five minutes of the before infusion period and
the average value of the last five minutes of the after-infusion
period. The second window was used to assess cardiac function
recovery. This timepoint was analysed in two ways: (1) a non-
inferiority test with a margin of 10% and (2) calculation of the
fraction of hearts with less than 10% decrease between before
infusion and after infusion values. A change in perfusion of
90% for 15 minutes or greater results in cardiomyocyte death.>®
The threshold of 10% was selected based on a pilot study
assessment of variability observed in cardiac function during
the before droplets infusion time period and to serve as a very

J. Mater. Chem. B, 2025, 13, 9065-9080 | 9069


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb02700k

Open Access Article. Published on 30 April 2025. Downloaded on 5/6/2026 3:27:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

conservative safety margin. These analyses were performed for
each experimental group. For oxygen scavenging, a 5% margin
for the non-inferiority test was used to assess the change in
oxygen partial pressure before infusion and after infusion
based upon the variability observed during the before droplets
infusion time period in pilot experiments. In all cases, the null
hypothesis was that the difference between before infusion and
after infusion was greater than the margin. A mixed effect
model was used to compare iz vitro oxygen scavenging amounts
with and without ultrasound considering the correlation of
multiple measurements within the same subject. Comparison
of the transition efficiencies for different droplet concentra-
tions was assessed using a one-way ANOVA test with a Tukey
correction for multiple comparisons.

Results
Droplet size distribution and concentration

The PFB coarse emulsion had a volume-weighted concentration
and a polydispersity index of 1.9 x 107> £+ 6.4 x 10" * mL mL ™"
and 0.91 £ 0.04, respectively (Fig. 3a). Note that the 20 pm
Multisizer 4 aperture used for these measurements was unable
to capture the complete size distribution of the coarse emul-
sion, which included droplets greater than 12 pm or smaller
than 0.4 pm and therefore may underestimate the concen-
tration and polydispersity index. After high-shear homogeniza-
tion, the droplet emulsion was less polydisperse than the
coarse emulsion, with a modal diameter of 0.98 + 0.03 um
(Fig. 3b). The droplet emulsion solution volume-weighted
concentration and the polydispersity index (PDI) were 3.7 X
107> £ 0.5 x 107> mL mL ™" and 0.13 + 0.02, respectively.

Droplet storage stability at 4 °C

To evaluate droplet stability under storage conditions, undiluted
samples were placed in a laboratory refrigerator (4 °C). Droplets
settled to form a pellet, however, no visible phase separation was
observed when the emulsion was swirled to resuspended and
measured. No statistically significant changes in concentration,
modal diameter, or polydispersity index were observed for the PFB
droplets stored in the fridge over time (4 °C) (Fig. 4). All subse-
quent storage of droplets following manufacturing was at 4 °C.

Droplet room temperature stability

To determine if the PFB droplet concentration or diameter
changed during preparation on the day of a flow phantom
experiment, the samples were diluted 40 000x in PBS and placed
on a lab bench (22.6 °C £ 0.1 °C). The droplet concentration and
size distribution remained stable for 5 h (Fig. 5). All subsequent
experiments were performed within 5 h of removal from storage.
No statistically significant changes in concentration, modal
diameter, or polydispersity index were observed over 5 hours.

Cardiac function with and without droplets and ultrasound

Following the start of droplet infusion, any changes in cardiac
function were delayed by 1-2 minutes due to the temporal

9070 | J Mater. Chem. B, 2025, 13, 9065-9080

View Article Online

Journal of Materials Chemistry B

(a)
%107

(M)

Concentration (mL/mL)
- [

o L 1 L L 1
0 2 4 6 8 10 12

Diameter (um)

T
-
X
-
S
w

Concentration (mL/mL)
- o N cN.n w

o
3

2 4 6 8 10 12

Diameter (um)
Fig. 3 Volume-weighted distribution of (a) the coarse emulsion droplet
solution and (b) droplets emulsion solution after one passage of high shear
pressure homogenization at 10000 PSI. The droplet emulsion had a
nominal modal diameter of 0.98 + 0.03 um. The lines and shading
are the mean and standard error mean, respectively (N = 4 for both
measurements).

duration it takes the flow to go from the end of the EkoSonic™
infusion catheter to the heart (grey shaded region, Fig. 1a).
Table 1 illustrates the number of hearts with and without
ultrasound exposure that had changes in cardiac function or
oxygenation of the perfusion buffer of less than 10% or 5%,
respectively, relative to the average value over the last 5 minutes
of the before infusion period. When comparing the before
infusion and during infusion periods, the minimum of the
during infusion period was used. When comparing the before-
infusion and after-infusion periods, the average of the last five
minutes of the after-infusion period was used. The data indi-
cate that decreased droplet concentration is correlated with an
increased fraction of hearts exhibiting less than 10% changes
in cardiac function.

The change in average perfusion flow rate relative to the
last 5 min of stabilization is shown without (Fig. 6a) and with
ultrasound exposure (Fig. 6b). Tables 2 and 3 provide the
average flow rate during the final 5 minutes before infusion,

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 PFB droplet concentration as a function of time at room tempera-
ture (22.6 °C £ 0.1 °C) up to 5 h. Each line is the average of n = 3
measurements.

the minimum value during the 5 min following the start of
infusion, and the final 5 minutes after infusion for each concen-
tration with and without ultrasound. At 5.0 x 10~* mL mL™*
without ultrasound, one heart of four had a flow rate that
dropped from 17 mL min~" to 10 mL min~" between 40 and
45 min, resulting in the large standard deviations observed in
Fig. 6a. For all concentrations without and with ultrasound the
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Table 1 Number of hearts for which cardiac function (perfusion flow rate
and LVDP) and oxygen partial pressure changed by less than 10% or 5%,
respectively, relative to stabilization during infusion and after infusion at 5
different droplet concentrations (0.25 x 1074 0.5 x 1074, 1.5 x 107%, 2.5 x
107% and 5 x 10~* mL mL™%) with and without ultrasound exposure. The
total number of hearts for each droplet concentration is shown in the left
column. A different heart was used for each trial

Without ultrasound With ultrasound

Droplet
concentration
(mL mL ™', x107%)

During
infusion After infusion
A <10% 4 < 10%

During
infusion After infusion
A <10% 4 < 10%

Perfusion flow rate

0.25 (N = 6) 5 5 0 4
0.5 (N =6) 6 5 0 4
1.5 (N=6) 2 4 0 3
2.5 (N =5) 0 1 0 0
5.0 (N = 4) 2 0 — —
LVDP

0.25 (N =6) 1 6 0 4
0.5 (N =6) 4 4 1 5
1.5 (N =6) 2 4 0 5
2.5 (N =5) 0 2 0 0
5.0 (N =4) 0 0 — —
Oxygen partial pressure

0.25 (N = 6) 2 6 0 6
0.5 (N =6) 0 6 0 5
1.5 (N=6) 0 6 0 6
2.5 (N =5) 0 4 0 0
5.0 (N = 4) 0 0 — —

p-value of the non-inferiority test was greater than 0.05, indicat-
ing that the flow rate significantly decreased by more than 10%
when comparing after infusion to before infusion.

The change in average LVDP relative to the last 5 min of
stabilization is shown without (Fig. 7a) and with ultrasound
exposure (Fig. 7b). The average LVDP during the final 5 minutes
before infusion, the minimum value during the 5 min following
the start of infusion, and the final 5 minutes after infusion for
each concentration with and without ultrasound are listed in
Tables 2 and 3. For all concentrations without and with ultra-
sound the p-value of the non-inferiority test was greater than
0.05 except for 0.25 x 10~* mL mL ™', indicating that the LVDP
significantly decreased more than by 10% when comparing
after infusion to before infusion.

The cardiac function left ventricular contraction rate (max-
imal dp/dt), left ventricular relaxation rate (minimal dp/d¢) and
left ventricular end diastolic pressure (LVEDP) during each
experiment were determined with and without ultrasound
and are reported in the ESIt (Fig. S1-S3 and Tables S1, S2).
For droplet infusion without ultrasound, the minimum values
of cardiac parameters (LVEDP, maximal dp/d¢, and minimal dp/
dt) during the 5 minutes following infusion were compared to
the average values from the final 5 minutes before infusion.
At the lowest concentrations (0.25 x 10~* mL mL ™', 0.5 x
107" mL mL ™, and 1.5 x 10"* mL mL "), no changes were
observed, showing that droplet infusion had minimal effect.
However, at higher concentrations (2.5 x 10™* mL mL™"
and 5 x 10~* mL mL™"), a noticeable effect was seen. When
comparing the average values from the 5 minutes post-infusion
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Fig. 6 The change in the perfusion flow rate relative to the last 5 min of
stabilization throughout the 45 min experiments without (a) and with (b)
ultrasound exposure for five different droplet concentrations (0.25 x 1074,
05x107%15%x10°%25x%x 107 and 5 x 10~* mL mL™). The first 20 min
of the experiment was the stabilization phase (before infusion). The grey
shaded area on the graph demarks the 2 min of droplet infusion (during
infusion) followed by a 3 min period that accounts for approximately 1 min
to infuse the dead volume of the EkoSonic™ infusion catheter and the time
to flow from the end of the catheter to heart. The time from 25 min to
45 min represents the heart recovery period (after infusion). Each value is
mean + SEM, 6 hearts per group, except for 2.5 x 10~% mL mL™! where
5 hearts were used and 5 x 10™* mL mL~* where only 4 hearts were used
without ultrasound due to three of four hearts ceasing perfusion before
the 45 min time point. Using reduced animal numbers was deemed ethical.
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Table 2 Average perfusion flow rate, LVDP, and oxygen partial pressure
during the final 5 minutes before infusion, the minimum value during the
5 min following the start of infusion, and the final 5 minutes after infusion
at 5 different droplet concentrations (0.25 x 1074 0.5 x 1074 1.5 x 1074,
2.5 x 107% and 5 x 107* mL mL™% without ultrasound

Without ultrasound

Droplet
concentration Final 5 minutes Minimum value Final 5 minutes
(mL mL~", x10~*) before infusion during infusion after infusion

Flow rate (mL min")

0.25 10+ 1 8+t1 9+1
0.5 11+0 11+£0 13+£1
1.5 100+1 7+0 10 £ 2
2.5 9+0 6+0 7+1
5 11+£2 9+1 3+2
LVDP (mmHg)

0.25 90 + 10 74 £8 92 £10
0.5 101 £ 4 93 +2 95 + 10
1.5 95+ 3 71+£7 91+9
2.5 92 £ 6 54 £ 11 70 £ 11
5 94+7 40 £ 8 8+t2
Oxygen partial pressure (mmHg)

0.25 535+ 9 468 £ 9 552+ 6
0.5 486 £ 15 411 £ 22 497 £ 24
1.5 518 £ 4 477 £ 16 556 + 4
2.5 542 £ 4 433 £ 4 516 + 10
5 445 £+ 2 280 + 15 310 + 66

Table 3 Average perfusion flow rate, LVDP, and oxygen partial pressure
during the final 5 minutes before infusion, the minimum value during the
5 min following the start of infusion, and the final 5 minutes after infusion
at 5 different droplet concentrations (0.25 x 107%, 0.5 x 1074, 1.5 x 1074,
25 x 107% and 5 x 10~* mL mL™?) with ultrasound

With ultrasound

Droplet
concentration Final 5 minutes Minimum value Final 5 minutes
(mL mL™", x10™*) before infusion during infusion after infusion

Flow rate (mL min ")

0.25 9+1 6+0 9+ 2
0.5 8+1 5+0 8+1
1.5 10£1 2+1 9+1
2.5 12+1 0£0 1+1
LVDP (mmHg)

0.25 96 £ 5 55+ 5 96 + 16
0.5 76 £7 41 £ 3 80 £ 11
1.5 108 £+ 8 35+ 6 117 + 16
2.5 100 £ 9 24 £3 19+6
Oxygen partial pressure (mmHg)

0.25 525 £ 8 440 £ 6 544 + 6
0.5 529 £ 4 435 £ 3 535 + 15
1.5 533 £ 7 390 £ 5 546 + 4
2.5 537 £ 4 352 £ 13 353 £ 33

to those from the 5 minutes pre-infusion, concentrations
of 025 x 107" mL mL™', 0.5 x 107* mL mL™', 1.5 X
10™* mL mL™?%, and 2.5 x 10~* mL mL™' showed less than
10% change. However, at 5 x 10~* mL mL ™", cardiac dysfunc-
tion was observed, similar to the changes seen in LVDP and
perfusion flow rate. This dysfunction was characterized by a

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 The change in left ventricular developed pressure (LVDP) relative to
last 5 min of stabilization throughout the 45 min experiments without (a)
and with (b) ultrasound exposure for five different droplet concentrations
(025 x 107%,0.5 x 107,15 x 107%, 25 x 1074, 5 x 10~* mL mL™). The
first 20 min of the experiment was the stabilization phase (before infusion).
The grey shaded area on the graph demarks the 2 min of droplet infusion
(during infusion) followed by a 3 min period that accounts for approximately
1 min to infuse the dead volume of the EkoSonic™ infusion catheter and the
time to flow from the end of the catheter to heart. The time from 25 min to
45 min represents the heart recovery period (after infusion). Each value is
mean + SEM, 6 hearts per group, except for 2.5 x 10~% mL mL~* where
5 hearts were used and 5 x 10~* mL mL™ where only 4 hearts were used
without ultrasound due to three of four hearts ceasing perfusion before the
45 min time point. Using reduced animal numbers was deemed ethical.
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decrease in LVDP, perfusion flow rate, and maximal dp/dt,
alongside an increase in LVEDP and minimal dp/d¢.

For droplet infusion with ultrasound, the minimum values
of cardiac parameters during the 5 minutes following infusion
were again compared to the average values from the 5 minutes
before infusion. Here, LVEDP, maximal dp/d¢, and minimal dp/
d¢ showed a consistent trend similar to that observed in LVDP
and perfusion flow rate. Droplet infusion had an observable
effect on LVEDP at concentrations of 0.25 x 10~* mL mL™ ',
0.5 x 107" mL mL™", 1.5 x 107" mL mL™', and 2.5 x
10~* mL mL~'. When comparing the averages of the 5 minutes
after infusion to the averages of the 5 minutes before infusion,
less than a 10% change was observed for concentrations of
0.25 x 107* mL mL™%, 0.5 x 10°* mL mL™}, and 1.5 x
107* mL mL ', At 2.5 x 10~* mL mL™", cardiac dysfunction,
similar to that observed in LVDP and perfusion flow rate, was
noted. The cardiac dysfunction was characterized by a decrease
in LVDP, perfusion flow rate, and maximal dp/d¢ and an
increase in LVEDP and minimal dp/d¢, suggesting the onset
of ischemic conditions in heart tissue.

Ex vivo effect of droplet concentration on ADV-mediated oxygen
scavenging

The change in average P, relative to the last 5 min of stabili-
zation is shown in Fig. 8a and b without and with ultrasound
exposure, respectively. The magnitude of the Po, decreased with
increasing droplet volume-weighted concentration (Tables 2
and 3). Table 1 illustrates the number of hearts with and
without ultrasound exposure, where the change in oxygenation
was less than 5% when comparing the last 5 minutes of the
before infusion period to the minimum of the during infusion
period or the last five minutes of the after-infusion period.

For droplet concentrations 2.5 x 10~* mL mL™" and 5 x
10~* mL mL~" without ultrasound the p-value of the non-
inferiority test was greater than 0.05, indicating the Po,
decreased more than 10% when comparing the after-infusion
to before-infusion periods. When droplets were infused with
the EkoSonic™ ultrasonic core activated at a concentration of
2.5 x 107* mL mL™" the p-value of the non-inferiority test was
greater than 0.05, indicating that the Py, value decreased by
more than 10% when comparing the after-infusion to before-
infusion periods.

In vitro effect of droplet concentration on ADV-mediated
oxygen scavenging

The oxygen scavenging magnitude for droplets at the six
different target concentrations (0.0 x 10~ * (no droplet, negative
control), 0.05 x 107%,0.25 x 107%,0.5 x 10™%, 2.5 x 10, and
5 x 107" mL mL™") in the in vitro flow phantom setup are
shown in Fig. 9. With droplets but without ultrasound expo-
sure, there was no significant difference in oxygen scavenging
(p > 0.05) in P, between most target concentrations except for
0.05 x 10~* and 0.25 x 10" mL mL™* (p = 0.0049) as well as
between and 0.05 x 10~ * and 5.0 x 10~ mL mL™" (p = 0.0142).
For each target concentration except for 0.0 x 10~* (no droplet,
negative control) and 0.05 x 10 * the amount of oxygen
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Fig. 8 The change of partial pressure of oxygen (Po,) relative to the last
5 min of stabilization throughout 45 min of perfusion without ADV (a) and
with ADV (b), respectively using the Langendorff apparatus for 5 different
droplet concentrations (0.25 x 10, 0.5 x 1074, 1.5 x 1074, 25 x 104,
5 x 10~* mL mL™Y). The first 20 min of the experiment was the stabilization
phase (before infusion). The grey shaded area on the graph demarks the
2 min of droplet infusion (during infusion) followed by a 3 min period that
accounts for approximately 1 min to infuse the dead volume of the
EkoSonic™ infusion catheter and the time to flow from the end of the
catheter to heart. The time from 25 min to 45 min represents the heart
recovery period (after infusion). Each value is mean + SEM, 6 hearts per
group, except for 2.5 x 10~* mL mL~* where 5 hearts were used and 5 x
10~* mL mL™ where only 4 hearts were used without ultrasound due to
three of four hearts ceasing perfusion before the 45 min time point. Using
reduced animal numbers was deemed ethical.
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scavenged with ultrasound compared to without ultrasound
exposure had a p-value less than 0.007, indicating a statistically
significant difference. This indicates there was more oxygen
scavenging from ADV than from spontaneous droplet vaporiza-
tion. The infusion of water with ultrasound (0.0 x 10~* mL mL ™,
no droplet, negative control), led to a slight 4 mmHg reduction in
Po, which was not statistically significant (p = 0.078). The total
oxygen scavenging (with droplets and ultrasound (solid bars))
increased with increasing droplet target volume-weighted concen-
tration. A significant difference (p-value <0.05) between all target
concentrations except 2.5 x 10~* and 5.0 x 10~* mL mL™". The
total oxygen scavenging increased from 73 £ 21 mmHg at 0.05 x
107" mL mL ™" to 373 + 42 mmHg at 2.5 x 10" mL mL™".

Transition efficiency

The calculated ADV transition efficiency for the target concen-
trations of 0.05 x 10™%,0.25 x 1074, 0.5 x 10™%, 2.5 x 10™*, and
5 x 10~* mL mL~" was based on the in vitro oxygen scavenging
measurements from Fig. 9, and was plotted in Fig. 10. The
transition efficiency initially increased (5.8 + 4.8%, 49.6 =+
36.7%, and 78.2 + 12.6%) with droplet target concentration
for 0.05 x 107 * mL mL™" t0 0.25 x 10 * mL mL ™" and 0.5 x
107* mL mL™", respectively. It then decreased to 46.4 =+
18.1% for 2.5 x 10" mL mL ' and to 16.3 £ 2.6% for
5 x 107" mL mL™". A significant difference was observed
between all target concentrations except for 0.25 X
10! mL mL ™" versus 2.5 x 10 * mL mL ' and 0.05 x 10 *
versus 5 x 10~ mL mL ™",
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Fig. 9 The magnitude of oxygen scavenging before- and during-ADV
using the in vitro flow phantom setup with droplet concentrations of 0.0 x
10~ (no droplet, negative control), 0.05 x 107%, 0.25 x 107%, 0.5 x 107%,
25 x 107% and 5 x 107* mL mL~% The hashed bars represent oxygen
scavenging observed without ultrasound (before ADV). The solid-colored
bars are the amount of oxygen scavenging observed with ultrasound
(during ADV).
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Fig. 10 The calculated ADV transition efficiency for the five different
target droplet concentrations 0.05 x 107% 0.25 x 107% 0.5 x 1074
25 x 107%, 5 x 107* mL mL™™. The transition efficiency was calculated
based on the change in the partial pressure of oxygen after droplet infusion
with and without ADV using the Radhakrishnan model.**

Discussion

The research presented here was motivated by the long-term
need to create perfluorocarbon droplets that could be used
for ultrasound-activated oxygen scavenging via intravascular
delivery to inhibit cardiac reperfusion/reoxygenation injury.
Upon exposure to ultrasound of sufficient pressure amplitude,
perfluorocarbon droplets can be converted into echogenic gas-
filled microbubbles through a process termed acoustic droplet
vaporization (ADV).">'**° In the model of Radhakrishnan et al.**
as the volume fraction of ADV microbubbles in a fluid increases,
so too does the magnitude of oxygen scavenged from the
surrounding fluid. However, a large amount of gas can cause
embolization.*®3**344%% Therefore, this study was specifically
designed to investigate both oxygen scavenging and risk for gas
embolization for ~0.9 pm diameter PFB droplets. High-shear
homogenization was demonstrated to be useful for the manu-
facturing of stable PFB droplets. The droplets can be stored for at
least 3 weeks with a minimal change in the concentration or
diameter. The volume and concentrations of droplets produced
were sufficient to enable studies on oxygen scavenging and
gas embolization. The PFB droplets statistically scavenged sig-
nificant amounts of oxygen from the buffer in which they were
diluted, potentially due to spontaneous droplet vaporization.
The droplets exposed to ultrasound caused either transient or
prolonged changes to cardiac function depending on the
concentration used.

Droplet manufacturing and size characteristics

Manufacturing PFB droplets using a high shear pressure homo-
genizer produced a stable, low polydispersity emulsion with a
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high concentration (Fig. 3b). The methods used are based on
the work of de Gracia Lux et al. and the results are generally
consistent with their findings.®® However, the methods pre-
sented herein used different settings on an LV1 homogenizer,
which likely explains the larger droplets observed in this study as
compared to the study of de Gracia Lux et al.®' During homo-
genization, the coarse emulsion suspension is passed through
an interaction chamber under high pressure (10000 psi), and
fragmented into droplets by the cavitation turbulence, shear-
forces associated with velocity gradients.® The PFB core remains
condensed after passing it through LV1 at 10000 psi. This can
be attributed to the increased hydrostatic pressure applied
during homogenization, which is much greater than the Laplace
pressure.®®®*

The volume fraction of PFB in the total solution prior to
forming the coarse emulsion was 16.67 x 10°> mL mL ™’
(0.4 mL of PFB per 2.4 mL of the total solution). The final
droplet stock solution had a volume fraction of 3.7 x 107> +
0.5 x 10~ 2 mL mL™*. Thus, approximately 78% of the PFB was
unaccounted for. Based on flow cytometry measurements by
Stone et al.*® 0.3-0.4% of droplets were smaller than 0.40 pm in
diameter and thus would not have been detected based on our
use of the Multisizer 4 with a 20 um aperture. The remainder of
the unaccounted PFB was likely lost during manufacturing due
to the volatility of PFB.

Droplet stability

Stability is an essential requirement for low-boiling point
PFC-in-water droplets to be of practical use and is commonly
studied.>>¢1:%>"%8 It is known that temperature may impact the
stability of droplets by increasing their volatility as the tem-
perature increases.®® Both the sizing and concentration data
over the course of the 5 h test period revealed the stability of
PFB droplets when exposed to room temperature (Fig. 5). PFB
droplets were stable for up to 23 days with respect to both size
distribution and concentration when stored at 4 °C. This
finding aligns with the finding by Yarmoska et al,*® who
demonstrated that proper PEGylation is crucial for stabilizing
droplets, reducing the risk of coalescence.

Cardiac function in response to PFC droplet infusion

The function of an isolated heart is often described by factors
such as flow rate, LVDP, and the rate of change of pressure
during contraction (+dp/d¢) and relaxation (minimal, or peak
—dp/dt).>>”® The research presented herein was designed to
assess the cardiac risk of gas embolization from nominally
0.98 um PFB droplets and ADV-nucleated microbubbles. Thus,
the primary cardiac parameter of interest is the perfusion
flow rate. Varying the perfluorocarbon emulsion’s size and
concentration was demonstrated to result in occlusion of flow
following ADV.**2%*3 Fig. 6 demonstrates that the change in
perfusion flow rate had either no or only a transient change
while droplets were flowing through the heart both with and
without ultrasound exposure for concentrations of 0.25 x
10*mLmL % 0.5 x 10 *mLmL ™%, and 1.5 x 10°* mL mL ™%
However, a notable and persistent decline in perfusion flow rate
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occurred at concentrations of 2.5 x 10~* mL mL™" (with ultra-
sound) and 5 x 10~* mL mL ™" (without ultrasound). The change
in LVDP mirrored observations for decreased absolute perfusion
flow rate. LVDP is a frequently used metric of overall cardiac
performance in Langendorff preparations, but is difficult to inter-
pret as it reflects a composite of changes in the systolic and
diastolic performances of the heart. Nevertheless, there was a
significant effect of infusing the droplets, at all concentrations,
on LVDP. Interestingly, LVEDP was relatively unaffected during the
infusion period, suggesting that the primary effect was to reduce
the systolic performance of the heart. Changes in dp/d¢ are a more
sensitive measure of cardiac contractility and relaxation. With
regard to the latter, both +dp/d¢ and —dp/dt were similarly
significantly reduced at higher droplet concentrations (>2.5 X
10~* mL mL™ "), but were relatively unaffected, even during the
infusion period, without ultrasound activation. However, with
activation, there was a significant, transient, effect on cardiac
function at all concentrations. While the magnitude of the effect
was lower at lower concentrations, and full recovery to baseline
occurred within approximately 30 minutes at concentrations
<1.5 x 10~* mL mL ™}, these transient effects on cardiac function
will need to be taken into account if this strategy translates
into clinical therapy. For the droplet concentrations resulting in
sustained decreases in flow rate, a delayed but important elevation
of the LVEDP was observed. This result, in combination with
reduced perfusion, indicates that the tissue became ischemic,
impairing relaxation, and increasing myocardial stiffness.”"”>
Overall, these results establish clear upper limits for the concen-
trations of this formulation of approximately 0.98 pm diameter
PFB droplets that can be used in cardiac tissue. It should be noted
that the lipid shell composition may affect these results. Sabnis
et al.”® demonstrated that cholesterol enhances membrane stabi-
lity and reduces droplet fusion, resulting in uniform particle sizes.
Similarly, Tam et al.”* showed that phospholipids such as DSPC
and DPPC increase droplet rigidity, which contributes to stability
and uniformity. Exploring alternative shell materials or modifying
droplet size could enable higher concentrations without triggering
gas embolization.

Effect of droplet concentration on ADV-mediated oxygen
scavenging

Similar to the work of Benton et al.,*” it was observed that as the

droplet concentration increased, the magnitude of oxygen
scavenging increased until a saturation point, such that dro-
plets with concentrations of 2.5 x 10™* mL mL™" and 5.0 x
10~* mL mL " scavenged similar amounts of oxygen. Although
comparable, Benton et al. found that the saturation point
occurred at 5.0 x 10~* mL mL ™" and greater concentrations.
Notably, Benton et al. used larger (3, 5, and 7 um versus 0.9 um)
perfluoropentane (rather than perfluorobutane) droplets. The
higher boiling point of PFP and thus a lower anticipated
transition efficiency could explain the differences between
Benton et al. and the present study. Kawabata et al. demon-
strated that the ADV pressure amplitude threshold depends on
the perfluorocarbons used."* However, based on the findings of
Benton et al., the transition efficiency decreases for smaller

9076 | J. Mater. Chem. B, 2025, 13, 9065-9080

View Article Online

Journal of Materials Chemistry B

droplets, which potentially offsets the benefit of using perfluor-
obutane. Interestingly, Benton et al., and the results presented
herein both show similar oxygen scavenging with the partial
pressure decreasing from approximately 550 mmHg to approxi-
mately 150 mmHg. In addition, Stone et al.'® showed increased
transition efficiency when using PFB. They also found that the
calculated transition efficiency at 0.5 x 10™* mL mL™"' was
69% + 4% higher than 44% =+ 9% at 5 x 10~* mL mL .
Analogous observations regarding transition efficiency for dif-
ferent perfluorocarbons were made by Moncion et al. for
perfluoropentane and perfluorohexane double emulsions.
Oxygen scavenging observed in vitro was greater than
that observed ex vivo for the same emulsion concentrations.
Specifically, at shared concentrations of 0.25 x 10™%, 0.5 x
107, and 2.5 x 10°* mL mL ', the magnitude of oxygen
scavenging in vitro was approximately 150 + 41, 208 £+ 9, and
329 + 37 mmHg, respectively, compared to ex vivo values of
85+ 17,94 + 14, and 185 + 31 mmHg, respectively. This result
may be due to a limitation in the oxygen flow sensors, which
have a response time on the order of tens of seconds. Fig. 9
demonstrates that the oxygen partial pressure did not achieve
sustained steady-state values, which were observed in the
in vitro experiments where ultrasound insonation lasted for a
longer period, with 2 full minutes for in vitro and 1 minute for
ex vivo, taking into consideration the 1-minute delay. The time
to achieve a steady state value will be influenced by the
response time of the oxygen sensors. Furthermore, the mixing
of fluids may also impact the readout because the buffer does
not follow plug-flow conditions. Additionally, the macrobubble
trap and its opening to atmospheric conditions to achieve
constant perfusion pressure resulted in the buffer being briefly
exposed to air, which may result in gas exchange. The in vitro
experiments allowed us to isolate and compare the impacts of
spontaneous (i.e., without ultrasound) droplet vaporization and
acoustic droplet vaporization. Spontaneous vaporization refers
to the spontaneous transition of PFC from a liquid state to a
gaseous state without the application of ultrasound.”® Separat-
ing the effects of spontaneous versus acoustic droplet vaporiza-
tion was not feasible in the ex vivo setup because of the
potential hysteretic response of the heart. The in vitro experi-
mental setup also enabled measurement of transition effi-
ciency, allowing comparison with results from Stone et al.'®
and Benton et al.* for various perfluorocarbon droplet sizes.
Notably, findings described in this study suggest that
ADV-based controlled hypoxic reperfusion may be a feasible
approach to cardioprotection, as the magnitude of oxygen
scavenging observed at 2.5 x 10~* mL mL ™" in vitro is similar
to the magnitude of oxygen used by Fischesser et al.” to demon-
strate cardioprotection via controlled hypoxic reperfusion.” This
discussion would be relevant in future studies exploring whether
the observed oxygen scavenging is sufficient to predict cardio-
protection based on findings from Fischesser et al.” Additionally,
Stone et al'® found that a droplet concentration of 0.50 x
10~* mL mL™" provided sufficient oxygen scavenging, correlat-
ing with the cardioprotection observed by Fischesser et al’
These findings indicate that the current study’s results, which

This journal is © The Royal Society of Chemistry 2025
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suggest that lower droplet concentrations are adequate, are
promising. However, a comprehensive safety evaluation must
also be considered to assess the potential toxicological effects of
PFC droplets on vital organs, particularly the lungs and liver.
This involves in vitro studies to measure cytotoxicity and inflam-
matory responses in lung and liver’® cell lines, as well as in vivo
studies using animal models to track biodistribution, clearance,
and accumulation.”” Histopathological examinations and bio-
chemical assays may be needed to identify any morphological
changes or functional impairments in these organs.”® Advanced
imaging techniques like MRI and ultrasound can be utilized to
monitor the behavior of PFC droplets in real time.”® These
evaluations ensure that any necessary modifications to the
droplet formulation or dosing regimen can be made to guaran-
tee safety.®” A dosing safety evaluation must also be considered
by taking into account that our PFC droplet concentration (5 x
107> mL mL™ ") is higher than that of commonly used ultrasound
contrast agents,®* such as Definity™ (8.34 x 10°® mL mL™),
Optison™ (0.62 to 2.35 x 1077 mL mL™ "), and Lumason® (2.62 to
4.19 x 10”7 mL mL™"). However, it was two orders of magnitude
lower than the clinical PFC concentration used for the blood
substitute Fluosol-DA (20%), 2.6 x 10~> mL of PFC per mL of L of
PFC per mL of blood.”>?*%** A more thorough assessment of
PFC dose, specific to the type of PFC used, will be crucial for
assessing safety and refining clinical potential.

The decrease in Po, due to droplets without ultrasound
exposure was expected due to the solubility of oxygen in liquid
perfluorobutane and possible spontaneous vaporization.'* This
observation was reported by Stone et al.*® For all concentrations
above 0.05 x 10~* mL mL™", the oxygen scavenging due to
ADV was significantly greater than from spontaneous droplet
vaporization. These results indicate that spontaneous droplet
vaporization’s role in oxygen scavenging is minimal except at
the lowest concentration. Recommendations for future cardio-
protection studies should aim to optimize droplet concen-
tration and size to achieve sufficient oxygen scavenging for
therapeutic efficacy while prioritizing safety, with a balanced
approach that considers the differences observed between
in vitro and ex vivo experiments. For the PFB droplet formula-
tion used here, a possible cardioprotection study might be
performed using a target concentration of 1.5 x 10~ * mL mL ",

Transition efficiency

The transition efficiency, defined as the number fraction of
droplets that vaporize,”” was calculated based on the magni-
tude of oxygen scavenged and initial droplet concentration
using the model of Radhakrishnan et al'* The transition
efficiency was found to increase with increasing droplet
concentration between 0.05 x 10™%, 0.25 x 10™* and 0.5 x
10™* mL mL™ !, and to decrease as the concentration was
further increased to 2.5 x 10 %, 5 x 107* mL mL " (Fig. 10).
The finding that transition efficiency depends on concentration
is consistent with the results of Benton et al. for PFP droplets**
and Stone et al.'® for PFB droplets.

Stone et al.,"® using the same PFB droplet manufacturing
protocol and ultrasound insonation as this study, measured
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transition efficiency as a function of droplet diameter. Their
observation that larger droplets vaporize more readily was
consistent with Fabiilli et al.*” and Benton et al.'® Analysis of
the results of Stone et al.'® shows that 55 4+ 5% of the PFB
volume phase transitioned corresponded to droplets smaller
than 1 um at concentrations of 0.5 x 10~* mL mL™*. Because
the magnitude of oxygen scavenging scales with the volume of
perfluorocarbon phase transitioned'* these results demon-
strate that droplets smaller than 1 um contribute to oxygen
scavenging of 37 + 13%.

Limitations

A limitation of this study is that the Multisizer could not
measure the complete size distribution of PFB droplets. The
smallest measurable diameter was 0.40 pm (based on the using
a 20 pm aperture). Based on flow cytometry measurements by
Stone et al.'® 0.3-0.4% of droplets were smaller than 0.40 pm.
This limitation affects not only the accuracy of the size dis-
tribution but also the determination of the concentration,
polydispersity index, and transition efficiency. As a result, the
characterization of the droplets may not be fully representative
of their actual distribution.

The use of the Langendorff model in this study allowed for
the assessment of oxygen scavenging magnitude and the risk of
gas embolization. However, there are several limitations asso-
ciated with the Langendorff model. Due to cumulative effects
on a heart during an experiment, it was impossible to sepa-
rately measure the effect of droplets alone from droplets
exposed to ultrasound within the same trial. This model, while
replicating many biological aspects of coronary flow and car-
diac function, inherently lacks the complexity of a full in vivo
physiological context. The model does not replicate how the
droplets would interact with the heart in the presence of
circulating blood. These effects include the non-Newtonian
fluid properties of blood and the oxygen carrying capacity of
whole blood.*

Moreover, the study investigated one species but it is known
that there are differences in microvasculature diameter across
various species.?>®® Henquell et al.®® reported the mean dia-
meter in rat heart capillaries to be 4.41 + 0.09 um, Hogg et al.®’
reported the mean diameters of the pulmonary capillaries to be
7.1 + 2.6 pm, whereas Tillmanns et al.®®> reported the mean
diameter in capillaries to be 4-6 um in dogs. Furthermore,
variations in the capillary diameter have been observed within
the same species between the systolic and diastolic phases of
the cardiac cycle. Tillmanns et al®® documented that the
capillary diameter during the systolic phase was 4.1 + 0.6 pm
in dogs, respectively, while during the diastolic phase, it was
6.3 £ 0.6 pm. These differences might affect the droplet
concentration and modal diameter where gas embolism occurs,
particularly for in vivo models, which in turn would impact the
selection of experimental parameters for future cardioprotec-
tion studies.

Another limitation of this study was the dependence
on bubbling for controlling the oxygenation of the KHB.
The fluctuations in oxygenation could have affected the
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consistency of the experimental conditions, potentially influen-
cing the results.

A final limitation of this study is that it focused on cardiac
function and perfusion. Other tissue changes, such as those
induced by transient ischemia from gas embolism, may have
occurred. Future research using histological or other assays
would complement the functional observations of this study.

Conclusions

In this study, we have demonstrated that it is possible to scavenge
oxygen using low boiling point PFB droplets in ex vivo and in vitro
models. The results show that droplet concentration impacts both
the magnitude of oxygen scavenging and also the risk of gas
embolization in an ex vivo rat heart. The presented results indicate
that the magnitude of oxygen scavenging increased when the
infused perfluorobutane droplet concentration increased from
0.05 x 10" mL mL ™" to 5 x 10~* mL mL". These results indicate
the oxygen scavenging effect can be modulated by varying the
droplet concentration. The heart function showed recovery paired
with oxygen scavenging ability when using 0.25 x 10~* mL mL ™",
0.5 x 10"*mL mL ™}, and 1.5 x 10”* mL mL " and occluded when
using 2.5 x 107" mL mL™" and 5 x 10”* mL mL~". The oxygen
scavenging increased as we increased the droplet concentration,
where it was 85 mmHg for 0.25 x 10~ mL mL ", 94 mmHg for 0.5
x 107" mL mL ™", and 143 mmHg for 1.5 x 10"* mL mL " In
addition, the droplet transition efficiency exhibited a peak value at
a droplet concentration of 0.5 x 10~ * mL mL™".
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