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A B S T R A C T   

Acoustically-responsive scaffolds (ARSs), which are fibrin hydrogels containing monodispersed perfluorocarbon 
(PFC) emulsions, respond to ultrasound in an on-demand, spatiotemporally-controlled manner via a mechanism 
termed acoustic droplet vaporization (ADV). Previously, ADV has been used to control the release of bioactive 
payloads from ARSs to stimulate regenerative processes. In this study, we used classical nucleation theory (CNT) 
to predict the nucleation pressure in emulsions of different PFC cores as well as the corresponding condensation 
pressure of the ADV-generated bubbles. According to CNT, the threshold bubble radii above which ADV- 
generated bubbles remain stable against condensation were 0.4 µm and 5.2 µm for perfluoropentane (PFP) 
and perfluorohexane (PFH) bubbles, respectively, while ADV-generated bubbles of any size in perfluorooctane 
(PFO) condense back to liquid at ambient condition. Additionally, consistent with the CNT findings, stable 
bubble formation from PFH emulsion was experimentally observed using confocal imaging while PFO emulsion 
likely underwent repeated vaporization and recondensation during ultrasound pulses. In further experimental 
studies, we utilized this unique feature of ADV in generating stable or transient bubbles, through tailoring the 
PFC core and ultrasound parameters (excitation frequency and pulse duration), for sequential delivery of two 
payloads from PFC emulsions in ARSs. ADV-generated stable bubbles from PFH correlated with complete release 
of the payload while transient ADV resulted in partial release, where the amount of payload release increased 
with the number of ultrasound exposure. Overall, these results can be used in developing drug delivery strategies 
using ARSs.   

1. Introduction 

Regenerative processes are typically stimulated by multiple, endog
enous bioactive agents (e.g., cytokines) presented in distinct spatio
temporal patterns and expression sequences. Hydrogel-based delivery 
systems can provide sequential delivery of multiple, exogenous bioac
tive agents. A critical limitation of this approach is that release kinetics 
of the therapeutic agents are designed a priori via the manipulation of 
physiochemical properties of the hydrogel scaffold. Thus, release ki
netics cannot be actively modulated after the hydrogel is implanted in 
situ. Alternatively, delivery systems that enable active control of release 
parameters such as dose, temporal profile, and spatial localization of 

multiple agents within the scaffold microenvironment would be bene
ficial in achieving modulation of release post-implantation and ulti
mately personalization of therapy. Integrating focused ultrasound (US), 
as a non-invasive therapeutic tool, with acoustically-responsive particles 
enables the on-demand release of therapeutic agents in a spatially- and 
temporally-controlled manner. One application of focused US is the 
phase transition of volatile perfluorocarbon (PFC) emulsions into gas 
bubbles in a process known as acoustic droplet vaporization (ADV) [1]. 
The vaporization of the PFC liquid using acoustic waves occurs above a 
threshold value of the rarefactional pressure (i.e., the ADV threshold) at 
which the phase transition becomes energetically favorable. 

For therapeutic applications like drug delivery for tissue 
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regeneration, ADV can be utilized for spatiotemporally-controlled de
livery from payload-carrying PFC emulsions, thus enabling local de
livery while increasing treatment efficacy and decreasing off-target 
effects. Depending on the intended application, PFC emulsions with 
different physical properties (i.e., size and bulk boiling point) have been 
designed [2,3]. The effects of emulsion size and bulk boiling point of the 
PFC phase on the ADV threshold are well documented [4,5]. Although 
the ultimate fate of ADV-generated bubbles (i.e., irreversible vapor
ization, re-condensation, collapse (i.e., bubbles filled with non- 
condensable gases), or fragmentation) is determined by acoustic pa
rameters (i.e., excitation pressure, frequency, and pulse duration) [6], 
medium rheology (i.e., elasticity) [7], and physical properties of drop
lets (i.e., size and bulk boiling point) [8], two distinct types of behaviors 
have been observed: irreversible ADV (i.e., stable bubble formation) 
[9,10] and reversible ADV (i.e., transient bubble formation) [11,12]. 

In our prior publications, we utilized ADV to control the release of 
therapeutic agents encapsulated in phase-shift double emulsions 
(PSDEs) with a structure of water-in-PFC-in-water (W1/PFC/W2) [13]. 
The deliverable payload is contained within the innermost water phase 
(i.e., W1). Suprathreshold US disrupts the morphology of the PSDE by 
phase-transitioning the PFC phase, thereby releasing the payload. PSDEs 
can be incorporated into fibrin scaffolds to produce a composite 
hydrogel, termed an acoustically-responsive scaffold (ARS). ARSs have 
been used in conjunction with ADV in both in vitro [14] and in vivo [15] 
studies to control release of single payloads and sequential release of two 
payloads like fluorescently-labeled dextrans as well as regenerative 
growth factors (e.g., basic fibroblast growth factor (bFGF), platelet- 
derived growth factor (PDGF)) as shown previously [16–18]. Two 
major limitations of the previous sequential release strategies are 1) the 
attenuating effects of the ADV-generated bubbles following the first 
payload release, thus shadowing subsequent US exposures, as well as 2) 
the necessity of a bi-layer ARS. Understanding the physical and acoustic 
parameters resulting in stable or transient bubble formation via ADV 
could be utilized to overcome the current limitations in sequential de
livery of multiple payloads from ARSs, thus refining their use in 
regenerative applications. 

In this work, we use classical nucleation theory (CNT) [19], the most 
commonly-used theory of nucleation [20], to study the nucleation 
threshold in different PFC emulsions − perfluoropentane (PFP), per
fluorohexane (PFH), and perfluorooctane (PFO) − as well as the 
condensation pressure of the corresponding ADV-generated bubbles. In 
addition, using CNT, we report the threshold bubble radii above which 
the ADV-generated bubbles remain stable against condensation for three 
different PFC emulsions. CNT has been used previously to study cavi
tation in biological fluids and tissues [21] as well as nucleation of a 
bubble in nano- [22] and micron-sized [4,23] PFP emulsions. ADV- 
generated stable and transient bubble formation from different PFC 
emulsions at different acoustic parameters (i.e., excitation frequency 
and pulse duration) was further investigated experimentally using 
confocal imaging. Using the findings from CNT and confocal imaging, 
we present an ADV-triggered sequential delivery approach from PFC 
emulsions in ARSs. 

2. Theoretical development 

2.1. Nucleation of a bubble in a metastable liquid 

Liquids are capable of withstanding tensile stresses (i.e., negative 
pressures) of considerable magnitude and remaining in a metastable 
state (i.e., below their saturated vapor pressure) for a finite period [24]. 
For such a state, the system is stable to small amplitude fluctuations in 
thermodynamic variables, which are stochastic in both space and time. 
At sufficiently high negative pressures, the liquid phase becomes un
stable, vapor bubbles nucleate spontaneously, and grow until the pres
sure reaches the equilibrium vapor pressure of the liquid [21]. 
Transition from a metastable state to a state of stable equilibrium 

requires overcoming an activation energy barrier, computed by the 
change in the Helmholtz free energy of the system [25]. According to 
CNT, bubble nuclei are only stable after reaching a critical radius (r*

b). 
Subcritical nuclei (r < r*

b) collapse and re-dissolve while those larger 
than the critical radius grow spontaneously. The mathematical defini
tions for r*

b and the corresponding critical work (W*
b), required to over

come the activation energy barrier, are given by [19,26]: 

r*
b =

2σ
pb − pl

(1)  

W*
b =

4πσr*2

b f (ϕ)
3

(2)  

where σ is the liquid–vapor interfacial tension, pb is the total pressure 
inside the critical bubble nucleus in unstable equilibrium with the sur
rounding liquid–gas solution, and pl is the pressure in the surrounding 
liquid–gas solution. 

Since the pre-existing interfaces of the embedded W1 phase inside the 
PSDE (Fig. 1A) may increase the probability of heterogeneous nucle
ation, a geometric factor of f(ϕ) is considered which depends on the 
physical properties (i.e., hydrophobicity or hydrophilicity) of the 
interface through the contact angle (ϕ) as follows [27,28]: 

f (ϕ) =
(2 − 3cosϕ + cos3ϕ)

4
(3) 

Variation of the geometric factor with contact angle is shown in 
Fig. S1(A). Atϕ = 0, W*

b tends to zero, while at ϕ = 180◦, the interface is 
not catalytic for phase change and becomes similar to homogenous 
nucleation. This shows that the presence of an external interface 
strongly favors nucleation. A contact angle of 100◦, which was measured 
for bubble nucleation at a hydrophobic interface [24], was used here 
due to similar properties of fluorosurfactants at the interface between 
the PFC and W1 phases inside the PSDE. Nucleation of bubbles in PFC 
liquids can be influenced considerably by the presence of dissolved 
gases. According to Ward, et al. [29], total pressure inside the critical 
bubble nucleus can be written as: 

pb = pv + pg (4)  

where pν is the vapor pressure of the liquid and pg is the partial pressure 
of the non-condensable dissolved gas. Note that the effects of negative 
pressure as well as the dissolved gas on the actual vapor pressure of the 
liquid are not considered here [19,25]. According to Henry’s law, the 
partial pressures of non-condensable dissolved gases in the bubble nu
cleus can be written as [30]: 

pg =
∑

i
KiCgi (5)  

where Ki and Cgi refer to Henry’s law volatility constant and concen
tration of the i-th type of dissolved gas, respectively, in the corre
sponding liquid. Gas solubility in PFCs decreases in the order CO2 ≫ O2 
> CO > N2 correlating with the decrease in molecular weight of the 
solute [31]. Values of KO2 in PFH and PFO were taken from Schürmann, 
et al. [32]. To calculate KCO2 and KN2 in PFH and PFO, the corresponding 
values in water were normalized by the solubility of carbon dioxide and 
nitrogen in liquid PFCs, respectively (Table S1) [33,34]. The number of 
moles of oxygen and carbon dioxide in the surrounding medium (water) 
at standard temperature and pressure were taken from Pilarek [31]. To 
calculate Cg, the number of moles were normalized by the total volume 
of PFC emulsion present in the ARSs, calculated from the particle con
centration and size distribution data, according to Radhakrishnan, et al. 
[35]. To account for the effect of elevated pressure inside the PFC 
emulsions on gas solubility, according to Henry’s law, the calculated 
concentrations were multiplied by a correction factor that accounts for 
the total internal pressure inside the PSDE (diameter: 6 µm, interfacial 
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tension for PFC droplets stabilized by Pluronic copolymers: 42 mN/m 
[36], and atmospheric pressure: 100 kPa). 

Dissolved gases may also lower the surface tension of liquids as a 
result of positive adsorption (in accordance with Gibbs adsorption 
isotherm) [28,37]. At low pressures, the rate of change of surface tension 
of water with dissolved gas content has been experimentally measured 
as follows [38]: 

σ = σ0 + bP (6)  

where σ0 is the surface tension of pure liquid, P is the pressure (i.e., total 
internal pressure inside the PSDE), and b is a coefficient which signifi
cantly depends on the nature of the gas (− 0.8 mN m− 1 atm− 1, − 0.07 mN 
m− 1 atm− 1, and − 0.08 mN m− 1 atm− 1 for carbon dioxide, oxygen, and 
nitrogen, respectively). 

According to CNT, nucleation rate (Jn = c
Vτ), which is defined as the 

number of nucleation events (c) in the volume (V) and the duration (τ) of 
the experiment, depends exponentially on W*

b as follows: 

Jn = ζexp(−
16πσ3f (ϕ)

3kBT(pv +
∑

iKiCgi − pl)
2) (7)  

where Jn is the nucleation rate, kB is Boltzmann’s constant, T is ambient 
temperature, ζ is the kinetic pre-factor, V is the volume of the PSDE, and 
τ is the time that the liquid is under negative pressure (i.e., one half of 
the acoustic period). ζ accounted for the surface available for heterog
enous nucleation per unit volume of liquid according to [39,40]. 
Nucleation pressure (pl) was solved numerically by setting the number of 
nucleation equal to one. 

The vapor pressures of PFC liquids (pv) at 37 ◦C were estimated using 
the Antoine equation with the constant parameters obtained from the 
National Institute of Standards and Technology (USA) [41], as given in 
Table S1. The surface tension of pure PFC liquids (σ0) were taken from 
Freire, et al. [42]. 

2.2. Vapor condensation 

Using CNT, the pressure required to condense a bubble into a droplet 
following the initial vaporization can be estimated. Similar to the case of 
bubble nucleation in a metastable liquid, the work required for the 
formation of a spherical liquid droplet (W*

d) of critical radius (r*
d) in a 

supersaturated vapor is [43]: 

W*
d =

4πr*2

d σ
3

(8)  

r*
d =

2σ
ρlRTlnS

(9)  

where ρl is the density of liquid PFC [44], R is the gas constant, and S is 
the supersaturation ratio − the ratio of the actual pressure of the vapor 
(i.e., pressure inside the ADV-generated bubble) to the equilibrium 
vapor pressure (i.e., pv). The number of condensation events in an ADV- 
generated bubble over a defined time period (as described in section 2.1) 
can be written as [45,46]: 

Jc =
4πr*2

d p
(2πmkBT)1/2exp(−

W*
d

kBT
)

Fig. 1. (A) An image of the microfluidic chip showing the flow focusing geometry of the junction (14 µm × 17 µm, highlighted in a yellow dotted box). The phase- 
shift double emulsion (PSDE) was generated by pumping the inner (W1/PFC) and outer (W2) fluids at 1 and 10 µL/min, respectively. The enlarged features display 
schematics of two similarly-sized PSDEs each containing a different PFC phase and payload: (I) perfluorohexane (PFH) and Alexa Fluor 488-labeled dextran (AF488), 
and (II) perfluorooctane (PFO) and Alexa Fluor 594-labeled dextran (AF594). (B) Picture of ultrasound (US) exposure setup. The plastic balls at the water surface 
maintain the temperature and dissolved gas concentration in the water tank. Acoustically-responsive scaffolds (ARSs), containing PSDEs, were polymerized in a 
BioFlex plate which was positioned on the surface of the water tank. US was applied through the silastic well bottom. (C) Schematics of side views of ARSs containing 
PFH-AF488 as well as PFO-AF594 exposed to different US parameters (i.e., frequency and pulse duration) resulting in different responses in PSDEs. Sequential release 
of AF488 and AF594 was achieved using high frequency US followed by low frequency US, respectively. Scale bar: 20 mm. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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where Jc is the condensation rate, p is the internal pressure of the ADV- 
generated bubble, and m is the molecular mass of PFC. Similarly, 
condensation pressure was solved numerically as described in section 
2.1. A complete list of parameters along with their definitions and values 
is given in Table S1. 

3. Experimental methods 

3.1. Preparation and characterization of PSDE 

Micron-sized PSDEs with a W1/PFC/W2 structure were prepared 
using a microfluidic-based technique following a previously described 
method [47]. Perfluorohexane (PFH, CAS# 355–42-0, bulk boiling 
point: 56 ◦C, Strem Chemicals) or perfluorooctane (PFO, CAS# 307–34- 
6, bulk boiling point: 100 ◦C, Sigma-Aldrich, St. Louis, MO, USA) was 
used as the PFC phase. A fluorosurfactant copolymer, synthesized using 
a 2:1 M ratio of Krytox 157 FSH (CAS# 51798–33-5, DuPont, Wil
mington, DE, USA) and poly(ethylene glycol) bis(amine) (MW: 1000 g/ 
mol, CAS# 24991–53-5, Alfa Aesar, Ward Hill, MA, USA), was dissolved 
at 2% (w/w) in PFC. The PFC solution was combined at 2:1 (v/v) with a 
W1 phase containing 1.66 mg/mL Alexa Fluor 488-labeled dextran 
(AF488, MW: 10,000 Da, Life Technologies, Grand Island, NY, USA) or 
Alexa Fluor 594-labeled dextran (AF594, MW: 10,000 Da, Life Technol
ogies) in phosphate buffered saline (PBS, Life Technologies), and then 
sonicated (Q55 with CL-188 immersion probe, QSonica, LLC, Newton, 
CT, USA) for 30 s while on ice. In this work, each emulsion is designated 
by its respective PFC and payload (e.g., PFH-AF488). 

To produce PSDEs, the primary emulsion (i.e., W1/PFC) and W2 
phase, which was 50 mg/mL Pluronic F68 (CAS# 9003–11-6, Sigma- 
Aldrich, St. Louis, MO, USA) in PBS, were pumped at 1 µL/min and 
10 µL/min, respectively, through a quartz microfluidic chip (Cat# 
3200146, junction: 14 µm × 17 µm, Dolomite, Royston, United 
Kingdom), as shown in Fig. 1A. Using a Coulter Counter (Multisizer 4, 
Beckman Coulter, Brea, CA, USA) with a 50 µm aperture tube, the 
average diameter (∅), coefficient of variation, and concentration were 
6.3 ± 0.06 μm, 16.2 ± 0.3%, and (7.1 ± 1.1) × 109 particles /mL, 
respectively, for PFH-AF488. There were no significant differences in 
mean diameter among the PSDEs made with different PFC phases and 
payloads as was shown previously [16,48]. 

3.2. Preparation of ARSs 

ARSs were prepared by first dissolving bovine fibrinogen (Sigma- 
Aldrich) in FluoroBrite Dulbecco’s modified Eagle’s medium (DMEM, 
Life Technologies) at 20 mg/mL clottable protein while under gentle 
vortex mixing for 30 s. The fibrinogen solution and additional DMEM 
were degassed separately in a vacuum chamber (Isotemp vacuum oven, 
Model 282A, Fisher Scientific, Dubuque, IA, USA) at ~ 6 kPa for 60 min 
to minimize the amount of dissolved gas. ARSs were made by combining 
the prepared fibrinogen, DMEM, PSDE, bovine lung aprotinin (Sigma- 
Aldrich), and bovine thrombin (Thrombin-JMI, King Pharmaceuticals, 
Bristol, TN, USA). The final concentrations of fibrinogen, aprotinin, and 
bovine thrombin in the ARSs were 10 mg/mL, 0.05 U/mL, and 2 U/mL, 
respectively. Concentrations of PSDEs in ARSs were 0.005% (v/v) and 
0.5% (v/v) for confocal imaging and payload release studies, respec
tively. To enable visualization of the matrix, 39 µg/mL Alexa Fluor 647- 
labeled fibrinogen (fibrinogen647) was added to each ARS prior to 
polymerization. Aliquots (volume = 0.35 mL, height (h) ~ 2 mm) of the 
ARS mixture were added to each well of 24-well BioFlex plates (total 
well diameter: 15 mm, membrane thickness: 0.2 mm, and total height: 
15 mm, Flexcell International, Burlington, NC, USA), and allowed to 
polymerize for 15 min at room temperature. ARSs were then covered 
with 0.5 mL overlying media consisting of DMEM supplemented with 
100 U/mL penicillin, 100 µg/mL streptomycin, and 2.5 µg/mL ampho
tericin B (Life Technologies). The height of the overlying media was 

chosen such that the ARSs were at least 3 mm away from the air interface 
to minimize the interference patterns caused by a standing wave field at 
these acoustic settings [16]. 

3.3. US exposure setup and parameters 

All US experiments were conducted in a water tank (30 cm × 60 cm 
× 30 cm) filled with degassed (12–22% O2 saturation, where 100% O2 
means equilibrium with air), deionized water at 37 ◦C. A calibrated, 
focused transducer (H-108, f-number = 0.83, radius of curvature = 50 
mm, Sonic Concepts Inc., Bothell, WA, USA) was driven at either 
fundamental (2.5 MHz) or 3rd harmonic (8.6 MHz) mode to generate 
ADV within the ARSs. Pulsed waveforms (pulse duration: 1.5–5.4 µs; 
pulse repetition frequency: 100 Hz; duty cycle: 0.01%-0.05%) were 
generated by a function generator (33500B, Agilent Technologies, Santa 
Clara, CA, USA) and amplified by a gated radiofrequency (RF) amplifier 
(68 dB gain for the fundamental or 60 dB gain for the 3rd harmonic 
mode, GA-2500A Ritec Inc., Warwick, RI, USA). The generated ampli
fied signals were viewed and monitored in real-time on an oscilloscope 
(HDO4034, Teledyne LeCroy, Chestnut Ridge, NY, USA). To reduce the 
impedance mismatch between the transducer and the amplifier, a 
matching circuit (H108_3 MN, Sonic Concepts) was used. The transducer 
was calibrated in free field at the focus in the range of 1–8 MPa and 1–7 
MPa peak rarefactional pressure at the fundamental and 3rd harmonic, 
respectively, using an in-house fiber optic hydrophone (sensitivity: 16.6 
mV/MPa) with a fiber diameter of 105 µm [49]. 

Experiments were conducted by placing the BioFlex plate containing 
the ARSs in the water tank such that only the bottom of the plate was in 
contact with water (Fig. 1B). ARSs were kept in the water tank at 37 ◦C 
for 15 min (verified by calculation of thermal boundary layer thickness) 
prior to ADV studies to reach thermal equilibrium. The transducer was 
positioned under the plate and connected to a three-axis positioning 
system controlled by MATLAB (The MathWorks, Natick, MA, USA). To 
localize the transducer axially with respect to the ARSs, a pulse echo 
technique was utilized whereby the transducer was driven by a pulser- 
receiver (5077PR, Olympus, Center Valley, PA, US) at low pressures to 
avoid ADV. The axial focus of the transducer was positioned and 
maximized either with respect to reflections from the well bottom (sil
icone elastomer membrane with a characteristic impedance (Z) of ~1.2 
MRayl) or the overlying media-air interface (Z ~ 0.43 MRayl) [50]. 
Once the signal was maximized at either of the boundaries, the trans
ducer was axially moved to place the focus in the middle of the ARS. The 
transducer was continuously rastered at 5 mm/s. The lateral raster 
spacing (0.5 mm at 2.5 MHz and 0.2 mm at 8.6 MHz) was chosen ac
cording to the full width half maximum (FWHM) of the beam width at 
the focus [16]. For all ADV experiments, the axial focus of the transducer 
was positioned at mid-height of each ARS. Unless otherwise noted, all 
acoustic pressures are listed as peak rarefactional pressure (Pr). In this 
study, all the US experiments were conducted at Pr = 8 MPa (at 2.5 MHz) 
and Pr = 7 MPa (at 8.6 MHz), which are suprathreshold for PFH (ADV 
threshold: 2.2 ± 0.2 MPa at 2.5 MHz, and 5.2 ± 0.3 MPa at 8.6 MHz) and 
for PFO (ADV threshold: 3.0 ± 0.4 MPa at 2.5 MHz) emulsions 
[16,48,51]. Note that, no ADV threshold was detected in ARSs con
taining PFO at an excitation frequency of 8.6 MHz across the range of 
pressures (Pr = 1–7 MPa) interrogated here [16]. 

3.4. Confocal imaging 

ARSs, containing 0.005% (v/v) either PFH-AF488 or PFO-AF488, were 
imaged before and after ADV. Each well in the BioFlex plate was coated 
with 1% (w/v) solution of bovine serum albumin (CAS# 9048-46-8, 
Sigma-Aldrich) in PBS (for ~30 min) prior to polymerization of the 
ARSs to facilitate removal of the scaffolds. Scaffolds were imaged in a 
cell chamber (Attofluor, A7816, Thermo Fisher Scientific, Waltham, 
MA, USA) with a laser scanning confocal microscope (LSM800, Zeiss, 
Pleasanton, CA, USA) with an environmental chamber (37 ◦C). For 
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intensity measurements, the laser power was set to the lowest non-zero 
setting (0.2%, 600 V gain) to minimize saturation. Similar exposure 
settings were used for imaging the ARSs. Fluorescence intensity mea
surements (reported as average intensity of the entire PSDE area) were 
performed on selected confocal images using ZEN lite software (Zeiss). 

3.5. Single- and dual-payload release 

All payload release studies were conducted in ARSs (h ~ 2 mm). 
Single release studies were performed at 8.6 MHz (pulse duration: 
1.5–5.4 µs) on ARSs containing 0.5% (v/v) PFH-AF488. For dual release 
studies, ARSs contained two dextran payloads: 0.5% (v/v) PFH-AF488 
(first payload) and 0.5% (v/v) PFO-AF594 (second payload). The first 
payload was released on day 0 at 8.6 MHz (Pr: 7 MPa, pulse duration:1.5 
µs), while the second payload was released on day 4 at 2.5 MHz (Pr: 8 
MPa, pulse duration: 5.4 µs). Immediately after US exposure, ARSs were 
placed in a standard tissue culture incubator (37 ◦C, 5% carbon dioxide) 
throughout the duration of the experiments. Overlying media was 
sampled daily, including three hours post exposure, by collecting half of 
the media and replacing it with an equal volume of fresh media until 10 
days (14 days for dual release) after US exposure. The concentration of 
dextran in the collected media was measured using a fluorometer (Mo
lecular Devices Spectramax M2e, Sunnyvale, CA, USA). All calculations 
were made using a mass balance approach for the payload (i.e., 
dextran), which accounted for mass removed (i.e., mass removed when 
sampling the media) and subsequent dilution of the overlying media due 
to addition of fresh media [15]. 

3.6. Statistical analyses 

Statistical analyses were performed using GraphPad Prism software 
(GraphPad Software, Inc., La Jolla, CA, USA). Data are expressed as the 
mean ± standard deviation. To determine a rate constant (K) for dextran 
diffusion, the data were fit to a first-order exponential approximation of 
solute diffusion in a highly porous hydrogel following previously 
described methods [48]. The number of independent replicates is listed 
in the caption for each figure. Significant differences between groups 
were determined using one-way ANOVA followed by Tukey’s multiple 
comparisons test, with a significance level of 0.05. 

4. Results and discussion 

4.1. Theory 

4.1.1. Bubble nucleation 
In Fig. 2A, r*

b is plotted for three PFC liquids at varying liquid pres
sures (pL). As the magnitude of negative pressure in the liquid increases, 
the degree of metastability increases, resulting in significantly smaller 
critical radii and consequently lower activation energies for bubble 
nucleation. At very high negative pressures in the liquid (|pL|≫|pν|), the 
dependence of the critical radius on the saturated vapor pressure of PFC 
liquids is greatly reduced (Eq. 1 & Eq. 4). 

Fig. 2B shows the predicted nucleation threshold pressures for PFP 
(1.6 MPa), PFH (2.4 MPa), and PFO (3.4 MPa) emulsions. The experi
mentally measured ADV thresholds were 1.3 ± 0.3, 2.2 ± 0.2 MPa, and 
3.0 ± 0.4 MPa for PFP, PFH, and PFO emulsions, respectively, at 2.5 
MHz [16,48]. Variation of the geometric factor (f(ϕ)) with the contact 
angle (ϕ) and its effect on the nucleation threshold pressure are shown in 
Fig. S1. The hydrophobic tails and surface irregularities at the interface 
of the W1 phase may act as nucleation sites and facilitate liquid–gas 
transition by lowering the nucleation energy barrier. Incorporation of 
nucleation seeds such as silica-coated quantum dots [11] and iron oxide 
nanoparticles [52] in PFC emulsions was found to lower the ADV 
threshold. The effects of surface irregularities, impurities, and micro
cavities as nucleation sites have been studied in details [19,53]. 

Additionally, the effect of dissolved gas content in the liquid, which 
was considered both for the pressure in the critical bubble nucleus as 
well as the liquid surface tension, reduced the nucleation pressure by 
2.24 MPa. The knowledge of the compositional dependence of the sur
face tension of the liquid mixture is crucial, as positive adsorption of 
dissolved gases can lower the surface tension considerably compared to 
the surface tension of the pure liquid [37,54,55]. The extent of lowering 
surface tension depends on the chemical nature of the gas as well as its 
solubility (as shown in Eq. 6). Because of the low polarizability of 
fluorine, the van der Waals interactions between fluorinated chains are 
weak, resulting in low cohesive energy, low surface tension, and 
exceptionally large gas-dissolving capacity of PFC liquids [56]. As dis
cussed in section 2, any change in the surface tension will have a sig
nificant effect on r*

b (~σ), W*(~σ3), and nucleation threshold pressure 

Fig. 2. Classical nucleation theory (CNT), including the effects of dissolved gas concentration as well as possibility of heterogeneous nucleation, was used to predict 
the threshold of bubble nucleation in phase-shift double emulsions (PSDEs) made with three different perfluorocarbon liquids. (A) Critical radius for bubble 
nucleation (r*

b) in perfluoropentane (PFP), perfluorohexane (PFH), and perfluorooctane (PFO) emulsions as a function of applied rarefactional pressure in the liquid. 
(B) Nucleation threshold pressures (pl) predicted by CNT (Eq. 7) for bubble formation in various PSDEs, PFP (pl: 1.6 MPa), PFH (pl: 2.4 MPa), and PFO (pl: 3.4 MPa) at 
2.5 MHz (contact angle: 100◦, geometric factor: 0.64). 
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(~σ3/2). In boiling nucleation, the presence of dissolved gases in liquids 
resulted in a significant decrease in the nucleation temperature [40,57]. 
The effect of dissolved gas content on reducing the tensile strength of 
water and therefore the acoustic cavitation threshold has been exten
sively studied [58,59]. A 2-fold increase in oxygen concentration 
reduced the cavitation threshold by ~2 MPa in water at 1 MHz [60]. 

Note that increasing the excitation frequency from 2.5 MHz to 8.6 
MHz, which reduced the acoustic period under which PFC experiences 
negative pressure (i.e., τ), resulted in only a 2% increase in the nucle
ation pressure. Such weak dependence of the nucleation threshold 
pressure on the acoustic period can be seen in studies using CNT in the 
context of cavitation and ADV [4,22,24]. However, the experimentally 
measured ADV thresholds, particularly via acoustic techniques, are not 
capable of detecting nano-sized nuclei (7–10 nm in radius according to 
Fig. 2A). Longer pulse durations as well as lower frequency US pulses 
provide a longer window for growth of the nucleated bubbles via 
rectified diffusion, making them easier to be detected experimentally. 
Furthermore, at higher frequencies, more attenuation as well as a 
significantly smaller focal volume (reducing the probability of nucle
ation) might affect the experimental detection of the ADV threshold, 
which are not considered in CNT. 

4.1.2. Bubble condensation 
Upon ADV, the PFC phase undergoes a volumetric expansion, which 

is approximately 125-fold in water for sufficiently-sized emulsions 
[61,62]. The presence of a viscoelastic medium such as gels reduces this 
expansion factor [63]. Assuming complete vaporization of the PFC 
phase and neglecting in-gassing during ADV, a ~6 µm PSDE (containing 
67% (v/v) PFC) is expected to yield a ~20 µm bubble. Knowing the 
internal pressure of a ~20 μm bubble and assuming retention of the shell 
post-ADV [64], a hydrostatic pressure of 100 kPa, and the saturated 
vapor pressure for each PFC liquid at 37 ◦C (Table S1), then S is 0.8, 2.3, 
and 132 for PFP, PFH, and PFO, respectively. 

Fig. 3 shows the condensation rate (Eq. 10) of an ADV-generated 
bubble from different PFC liquids as a function of pressure (solid red 
lines). The pressure required to condense the ADV-generated PFP and 
PFH bubbles back to the liquid state was estimated to be 0.25 MPa 
(Fig. 3A) and 0.11 MPa (Fig. 3B), respectively. Bubble radius is plotted 
as a function of total internal pressure inside the ADV-generated bubble 
in the same figure (blue dashed lines). As can be seen in Fig. 3A & B, 
there is a threshold bubble radius (intersection of the two curves), Rstable 
(0.4 µm for PFP and 5.2 µm for PFH), where the internal pressure of the 
generated bubble is less than the condensation pressure. Above Rstable, 
the ADV-generated bubbles are stable against condensation. 

The condensation rate of a bubble generated from PFO demonstrated 

Fig. 3. Classical nucleation theory (CNT) was used to predict the condensation pressure as well as the threshold radius for stable bubbles generated via acoustic 
droplet vaporization (ADV). Condensation rate (Eq. 10) of bubbles generated from (A) perfluoropentane (PFP), (B) perfluorohexane (PFH), and (C) perfluorooctane 
(PFO) phase-shift double emulsions (red curves). For comparison, bubble radius is plotted as a function of the corresponding internal pressure in blue dashed lines. 
The pressure required to induce a condensation event (i.e., condensation pressure (p), Eq. 10) in a bubble, within a time period of 1 µs, was estimated to be 0.25 MPa 
for PFP and 0.11 MPa for PFH. Due to a significantly higher supersaturation ratio, the ADV-generated bubbles of any size from PFO condense back to liquid at 
ambient condition. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

M. Aliabouzar et al.                                                                                                                                                                                                                            



Ultrasonics Sonochemistry 72 (2021) 105430

7

a significantly different behavior (Fig. 3C). Having a significantly higher 
supersaturation ratio (S = 132), an ADV-generated bubble from PFO is 
not thermodynamically stable at ambient condition. Therefore, after the 
US pulse is off, a PFO bubble condenses back to a liquid state. Note that 
stability against condensation was not significantly affected by τ. 
Increasing τ from 1 µs to 100 ms changed the condensation threshold 

pressure by only 30 kPa (~0.09 µm change in Rstable). 
Dissolution or condensation due to increased Laplace pressure has 

been suggested as the ultimate fate of ADV-generated bubbles from 
submicron-sized PFP emulsion with an average diameter of ~0.2 µm 
[65], while stable bubble formation was observed for those in the range 
of 0.4–1 µm in diameter [8]. Micron-sized PFP emulsion has repeatedly 

Fig. 4. Acoustic droplet vaporization (ADV) in acoustically-responsive scaffolds (ARSs) resulted in stable bubble formation in sufficiently-sized perfluorohexane 
(PFH) emulsion and transient bubble formation in perfluorooctane (PFO) emulsion at 2.5 MHz (pulse duration: 5.4 µs). (A) Maximum intensity projection of confocal 
z-stacks of an ARS containing PFH emulsion. The fibrin matrix contained Alexa Flour 647-labeled fibrinogen (shown in red) while the phase-shift double emulsion 
contained Alexa Flour 488-labeled dextran (AF488, shown in green). (B) ADV resulted in stable bubble formation in ARSs containing PFH emulsion. ARSs with PFO 
emulsion (C) before and (D) after ADV behaved differently (no stable bubble formation). Similar acoustic settings were used in (B) and (D). (E) Repeated ultrasound 
(US) exposures (3x) in ARSs with PFO emulsion resulted in more AF488 release, thus indicating repeated vaporization and recondensation during US pulses. AF488 
intensity measurements, comparing payload release from PFO over multiple US exposures, is shown in F. Scale bar for all panels: 5 µm. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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shown stable bubble formation post-ADV [9,14,66]. Bubbles generated 
from higher bulk boiling point PFCs, such as PFH, exhibited repeated 
vaporization and recondensation at diameters smaller than 3 µm [8,12] 
and stable bubble formation at diameters above 6 µm [48,51]. The 
transient nature of vaporization of sufficiently-sized PFH emulsions and 
therefore insufficient time for sustained oscillation was reported to be 
the reason for the lack of subharmonic response [67]. These experi
mental findings are consistent with CNT predictions discussed above. 

There are many factors determining the stability of the resulting 
ADV-generated bubbles, including US pulse parameters (e.g., frequency, 
pressure, and pulse duration), medium bulk properties (e.g., tempera
ture, gas concentration, and stiffness), as well as emulsion physical 
properties (e.g., size, concentration, and surface tension). In this study, 
stability of an ADV-generated bubble is defined as its survival against 
condensation post-ADV. Understanding the parameters inducing stable 
or transient bubble formation via ADV could be beneficial for applica
tions that utilize PSDEs for localized drug delivery, as will be discussed 
in the following section. 

4.2. Confocal imaging 

4.2.1. ADV at 2.5 MHz 
Maximum intensity projections of confocal images of ARSs contain

ing different PSDEs are shown in Fig. 4. The W1 phase within the PSDE is 
displayed in green due to the presence of AF488, while the fibrin matrix, 
which surrounded the PSDE, is shown in red due to the inclusion of 
fibrinogen647. A PFH-AF488 emulsion (∅: 5.3 μm, Fig. 4A) was phase 
transitioned into a stable bubble (∅ ~45 μm, Fig. 4B) via ADV. Such 
stable bubble formation was consistent with the threshold bubble size 
obtained theoretically for PFH (i.e., Rstable > 5.2 µm) using CNT. At 2.5 
MHz, ADV consistently resulted in stable bubble formation from PFH 
emulsion at different suprathreshold pressures (i.e., 2.2–8 MPa) and 
number of cycles (N = 2–13) (data not shown). ARSs containing PFH 
emulsion of a larger size distribution (∅: 13.2 ± 0.8) also resulted in 
stable bubble formation [51]. Furthermore, stable bubble formation was 
associated with complete release of the payload through AF488 intensity 
measurements [68], as can be seen here as well (Fig. 4B). An ARS con
taining PFO-AF488 (Fig. 4C), exposed to a suprathreshold pressure, dis
played a different response post-ADV (Fig. 4D). 

Unlike PFH, ADV does not yield stable bubble formation with PFO 
emulsion since ambient pressure is sufficient to condense the PFO 
bubble back into a liquid droplet once the US pulse is off (see Fig. 3C). 
The reduction in the intensity of AF488 in Fig. 4D compared to Fig. 4C 
indicates that repeated vaporization and recondensation occurred. The 
amount of payload inside the PFO emulsion significantly decreased 
following triplicate US applications (+US 3x, Fig. 4E). AF488 intensity in 
PFO-AF488 was quantified before and after US exposures (Fig. 4F). Both 
stable and transient bubble formation, which depends on the size and 
PFC species, can be used to tune the kinetics of release from PSDEs for 
therapeutic applications. We previously showed that payload release 
rate was significantly lower in ARSs with micron-sized PFP and PFH 
emulsions and correlated directly in ARSs with higher PFC boiling 
points, such as PFO [48]. A potential explanation is that in an ARS with 
ADV-induced stable bubbles, the path length for diffusion would be 
longer since released payloads cannot diffuse through a bubble, but 
rather must diffuse around it. 

Although PFO did not generate stable bubbles, the repeated volu
metric expansion and recondensation of the PFC phase during US pulses 
elevated the fluorescence intensity of fibrinogen647 in the surrounding 
fibrin, which qualitatively increased with the number of US exposures 
(Fig. 4D & E). Fibrin is known to exhibit strain stiffening, which is a 
characteristic of semiflexible filamentous networks [69]. Depending on 
the amount of strain, different stress-response mechanisms are proposed 
[70]. For ARSs containing PFH emulsion, consolidation of fibrin at the 
bubble-fibrin interface, likely due to the ADV-induced mechanical 
strain, increased in intensity and FWHM thickness as the generated 

bubbles grew due to static diffusion over time [68]. 
The average diameter of the ADV-generated bubbles from PFH-AF488 

emulsion (∅ = 6.3 ± 0.3 µm) reached 57.14 ± 4.3 µm 1 h post-ADV 
(Fig. 5A), while the average diameter of the PFO-AF488 emulsion (∅ 
= 6.1 ± 0.2 µm) decreased to 4.8 ± 0.45 µm after one US raster (1x) and 
3.9 ± 0.9 µm after three US rasters (3x) (Fig. 5B). 

4.2.2. ADV at 8.6 MHz 
Frequency of excitation impacts both the ADV threshold [1,67] as 

well as the generated bubble response [71]. Lower frequency US pro
vides a longer time window for nucleation, growth, and further influx of 
air from the surroundings. However, the use of higher frequency ultra
sound to generate ADV within ARSs would enable more tightly focused 
ADV as well as minimize any cavitation-related damage to large mo
lecular payloads or adjacent cells. 

ARSs containing PFH-AF488 were exposed to suprathreshold US at 
8.6 MHz at different pulse durations of 5.4 µs (1x, Fig. 6A), 1.5 µs (1x, 
Fig. 6B), and 1.5 µs (3x, Fig. 6C). Similar stable bubble formation, which 
resulted in consolidation of the fibrin at the interface, can also be seen at 
this acoustic setting (8.6 MHz and 5.4 µs) for PFH emulsion. ADV- 
generated bubbles at this acoustic setting reached 80 ± 3.1 µm in 
diameter 1 h post-ADV. A shorter pulse duration (1.5 µs) at this fre
quency did not generate stable bubbles (Fig. 6B & C). It is likely that at 
this acoustic setting, transient, partial ADV occurred in which a sub
volume of PFH was phase transitioned. ADV-generated bubbles at 8.6 
MHz with a short pulse duration (1.5 µs) may not have reached the 
theoretically determined critical radius of stability (Fig. 3B) due to 
insufficient in-gassing provided at this acoustic setting compared to a 
longer pulse duration (5.4 µs). The intensity of the payload inside the 
PSDE decreased as the number of US exposures increased (Fig. 6D). The 
effect of pulse duration on the size of PFH emulsion undergoing the 
hypothesized transient, partial ADV is shown in Fig. 6E. No significant 
change in the fibrinogen647 fluorescence intensity was observed in the 
case of high frequency (i.e., 8.6 MHz) and short pulse duration (i.e., 1.5 
µs), which was possibly due to partial vaporization and therefore 
insufficient ADV-induced, mechanical strain on fibrin. Note that the 
ADV threshold was shown to be independent of pulse duration [72,73] 
in microsecond ranges. However, it may take a longer time for the 
microdroplets to completely vaporize at high excitation frequencies. 
Using high speed imaging, Haworth and Kripfgans [74] showed that a 
two-cycle vaporization pulse at 3.5 MHz resulted in the phase transition 
of a subvolume of PFC within a micron-sized PFP emulsion, whereas 
with a thirteen-cycle vaporization pulse, the entire droplet phase tran
sitioned. Using the Rayleigh-Plesset equation, Lacour, et al. [6] showed 
that a combination of surface tension, heat transfer, and acoustic mod
ulation resulted in multiple rebounds of the PFC vapor bubble before 
complete vaporization. Note that the number of cycles did not result in 
any significant change in the US waveform and the amplitude of peak 
rarefactional and compressional pressures (Fig. S2). 

While PFH emulsion underwent stable, complete vaporization at 5.4 
µs (8.6 MHz) and transient, partial vaporization at 1.5 µs (8.6 MHz), 
ARSs containing PFO emulsion did not show any significant change in 
the payload intensity before and after ADV at 8.6 MHz (data not shown). 
As mentioned earlier, no ADV threshold was detected in ARSs containing 
PFO at an excitation frequency of 8.6 MHz across the range of pressures 
(Pr = 1–7 MPa). In the subsequent section, this selectivity of release 
based on the frequency of excitation and the PFC species was used to 
release one payload without disturbing the other for sequential, dual 
release studies. 

4.3. Payload release studies 

Release profiles of ARSs containing PFH-AF488 at various pulse du
rations (with the corresponding number of cycles (N)) at 8.6 MHz is 
shown in Fig. 7A. Consistent with the confocal images, significantly 
higher release was achieved at 5.4 µs (53.3 ± 7.4%), than at 1.5 µs with 
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multiple US exposure (3x, 25.8 ± 2.4%). There was no significant dif
ference in the release profiles for the pulse durations above 1.5 µs (N >
20). K was not significantly different between ARSs exposed to different 
acoustic settings in Fig. 7A. 

Release profiles of ARSs containing PFH-AF488 and PFO-AF594 

exposed to 8.6 MHz (5.4 µs) are compared in Fig. 7B. Percent release 
from ARSs containing PFO-AF594 at these acoustic parameters was not 
significantly different than the -US control. 

Fig. 8 displays the sequential, dual release profiles in ARSs where US 
exposure at 8.6 MHz (1.5 µs, +3x) selectively released PFH-AF488 on day 

Fig. 5. Acoustic droplet vaporization (ADV) resulted in (A) stable bubble formation in perfluorohexane and (B) repeated vaporization and recondensation in per
fluorooctane (PFO) double emulsions at 2.5 MHz (pulse duration: 5.4 µs). The average size of PFO emulsion decreased over multiple exposures (x) of ultrasound (US). 
Statistically significant difference (p < 0.05) is denoted as follows: α: vs. -US (n = 10). 

Fig. 6. Depending on the pulse duration, acoustic droplet vaporization (ADV) using high frequency ultrasound (US, 8.6 MHz) resulted in stable bubble (complete 
release) as well as presumably transient, partial vaporization (partial release) of perfluorohexane (PFH) double emulsion containing Alexa Flour 488-labeled dextran 
(AF488, shown in green). Maximum intensity projection confocal images of (A) an ADV-generated stable bubble at pulse duration: 5.4 µs one time (x) US exposure, 
and (B) partial ADV at pulse duration: 1.5 µs (1x, +US), and (C) pulse duration:1.5 µs (3x) in acoustically-responsive scaffolds with Alexa Flour 647-labeled 
fibrinogen (shown in red). Confocal image of a PFH-AF488 before ADV (i.e., -US) is shown in Fig. 4A. AF488 intensity measurements before and after ADV at 8.6 
MHz and varying pulse durations is shown in D. (E) Average diameter of PFH-AF488 emulsion before and after US exposure at 8.6 MHz. ADV-generated bubbles at 8.6 
MHz and pulse duration of 5.4 µs reached 80 ± 3.1 µm 1 h post-ADV. Statistically significant difference (p < 0.05) is denoted as follows: α: vs. -US (n = 10–16 per 
group). Scale bar: 5 µm for all panels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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0. The second US exposure at 2.5 MHz (5.4 µs, +3x) on day 4 resulted in 
more release from the remaining PFH-AF488 as well as release from PFO- 
AF594. 

Given the necessity for multiple payload release in tissue regenera
tion, we explored several strategies for dual release studies in our prior 
publications. In our first study of dual-payload release, we used a single 
excitation frequency to sequentially release two payloads from a single 
layer ARS containing two emulsions [18]. The first payload was 

incorporated into an emulsion with a lower bulk boiling point PFC (e.g., 
PFP or PFH) while the second payload was contained in an emulsion 
with a higher bulk boiling point PFC (e.g., perfluoroheptane). A lower 
excitation pressure was used to release the first payload, which relied on 
the direct dependence of the ADV threshold with PFC bulk boiling point. 
The major limitation of this approach was the presence of ADV- 
generated bubbles following the first payload release, thus shadowing 
subsequent US exposures. To eliminate the attenuating effects of the 
ADV-generated bubbles on subsequent exposures, a bi-layer ARS was 
designed such that the first payload in the upper layer was released in 
the presence of a standing wave field, followed by release of the second 
payload from the lower layer [16]. In the current approach, by adjusting 
the frequency of excitation and the pulse duration, the first payload (i.e., 
PFH emulsion) underwent transient, partial vaporization, where 
payload release increased with the number of US exposures without 
generation of stable bubbles or the disruption of the second payload. 
Additionally, the presented approach uses a single-layer ARS, offering 
the advantage of in situ polymerization during in vivo studies, unlike a bi- 
layer ARS, which must be polymerized ex situ and then implanted. Ul
timately, designing PSDEs that would undergo partial vaporization or 
repeated vaporization under specific US parameters may provide sus
tained therapeutic benefits which are unattainable through irreversible 
ADV alone. 

5. Conclusions 

In this study, CNT was used to predict the nucleation and conden
sation pressures for ADV-generated bubbles in PSDEs with different PFC 
cores. The threshold bubble radii above which the ADV-generated 
bubbles remain stable against condensation were predicted to be 0.4 
µm and 5.2 µm for PFP and PFH bubbles, respectively. Unlike PFP and 
PFH, ADV-generated bubbles of any size in PFO condense back to liquid 
at ambient condition. Consistent with the CNT findings, stable bubble 
formation from sufficiently-sized PFH emulsion was observed using 
confocal imaging while PFO emulsion underwent repeated vaporization 
and recondensation during US pulses. Intensity analysis of confocal 
images of PFH-AF488 showed complete release of the payload upon 
stable bubble formation either at 2.5 MHz (1.5–5.4 µs) or 8.6 MHz (only 
at 5.4 µs). At 8.6 MHz and a shorter pulse duration (1.5 µs), PFH 

Fig. 7. Release profiles from acoustically-responsive scaffolds (ARSs) containing (A) one dextran payload: 0.5% (v/v) perfluorohexane (PFH)-Alexa Fluor 488- 
labeled dextran (AF488) (n = 4) and (B) two dextran payloads: 0.5% (v/v) PFH-AF488 and 0.5% (v/v) perfluorooctane (PFO)-Alexa Fluor 594 labeled dextran 
(AF594) (n = 8) exposed to ultrasound (US) at 8.6 MHz (7 MPa peak rarefactional pressure) and varying pulse durations with the corresponding number of cycles (N) 
and the number of US exposures (x). 

Fig. 8. Frequency-dependent, sequential release from acoustically-responsive 
scaffolds (ARSs) using acoustic droplet vaporization. The first dextran 
payload was released from emulsion with perfluorohexane (PFH)-Alexa Fluor 
488-labeled dextran (AF488) on day 0 at 8.6 MHz (peak rarefactional pressure: 
7 MPa, pulse duration: 1.5 µs). The second payload was activated from emul
sion with perfluorooctane (PFO)-Alexa Fluor 594-labeled dextran (AF594) at 2.5 
MHz (peak rarefactional pressure: 8 MPa pulse duration: 5.4 µs) on day 4 (n 
= 4). 
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underwent partial vaporization where the payload release increased 
with the number of US exposures. PFO did not vaporize at 8.6 MHz in the 
pressure range interrogated here. The selectivity of release based on the 
frequency of excitation and the species of the PFC liquid was used for 
dual release studies where the first payload (i.e., PFH-AF488) was acti
vated at 8.6 MHz on day 0 followed by the second payload release (i.e., 
PFO-AF594) at 2.5 MHz on day 4. 
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