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Abstract

Hydrogel scaffolds are used in tissue engineering as a delivery vehicle for regenerative growth
factors (GFs). Spatiotemporal patterns of GF signaling are critical for tissue regeneration, yet most
scaffolds afford limited control of GF release, especially after implantation. We previously
demonstrated that acoustic droplet vaporization (ADV) can control GF release from a fibrin
scaffold doped with a perfluorocarbon emulsion. This study investigates properties of the
acoustically responsive scaffold (ARS) critical for further translation. At 2.5 MHz, ADV and
inertial cavitation thresholds ranged from 1.5 — 3.0 MPa and 2.0 — 7.0 MPa peak rarefactional
pressure, respectively, for ARSs of varying compositions. Viability of C3H10T1/2 cells,
encapsulated in the ARS, did not decrease significantly for pressures below 4 MPa. ARSs with
perfluorohexane emulsions displayed higher stability versus perfluoropentane emulsions, while
surrogate payload release was minimal without ultrasound. These results enable the selection of
ARS compositions and acoustic parameters needed for optimized spatiotemporal control.
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Introduction

Fibrin scaffolds are highly porous, protein-based hydrogels frequently used in regenerative
medicine as a substrate for cells and for encapsulation of proteins such as growth factors
(GFs) (Shaikh et al. 2008; Dehghani and Annabi 2011; Seliktar 2012). Similar to other
hydrogels, the release of a bioactive molecule (i.e., payload) from a conventional fibrin
scaffold as well as degradation of the scaffold are dominated by processes such as molecular
diffusion, material degradation, and cell migration. Thus the rate that biochemical (e.g.,
GFs) or mechanical (e.g., microporosity) cues are presented in a conventional fibrin scaffold
cannot be externally controlled spatially or temporally, especially after the scaffold is
implanted in vivo. It is well documented that spatial and temporal patterns of GF signaling
are critically important in regenerative processes (Bos et al. 2001; Sojo et al. 2005);
additionally, cellular processes are influenced by the mechanical properties of the local
scaffold microenvironment (Metallo et al. 2007; Tse et al. 2012; Barthes et al. 2014; Fujie et
al. 2014; Satyam et al. 2014). Alternatively, scaffolds have been designed to respond to
environmental or externally applied stimuli - such as light, electricity, magnetic fields,
temperature, enzymes, and pH — in order to obtain spatiotemporal control of payload release
or to modify scaffold architecture after implantation (Sakiyama-Elbert and Hubbell 2000b;
Sakiyama-Elbert and Hubbell 2000a; Matsusaki and Akashi 2005; Thornton et al. 2005;
Frimpong et al. 2007; Kulkarni and Biswanath 2007; Lavigne et al. 2007; Wu et al. 2008;
Zhao et al. 2011). Despite their promising potential in controlling both biochemical and
mechanical cues, further development of responsive scaffolds is limited in part by the
clinical translatability of the modulating stimulus, especially in terms of focusing the
stimulus or targeting deeply located scaffolds.

Ultrasound (US) has been explored as a stimulus for achieving spatial and temporal control
with responsive scaffolds due to its potential for translatability. Unlike other stimuli, US can
be applied non-invasively, focused with submillimeter precision, and penetrate deep within
the body. Broadly, US can be used to generate mechanical and/or thermal effects within a
scaffold to achieve on-demand control. In many instances, US-responsive scaffolds contain
sonosensitive particles such as emulsions or microbubbles, thus making the scaffold more
responsive to US (Epstein-Barash et al. 2010; Fabiilli et al. 2013). However, it has been
demonstrated using low frequency US that payload release can be modulated from scaffolds
in the absence of sonosensitive particles (Huebsch et al. 2014). Sonosensitive particles are
usually administered intravascularly for US-based imaging or therapy, with microbubbles
used clinically as US contrast agents. These particles are typically micron-size in diameter,
contain a perfluorocarbon (PFC) dispersed (i.e., core) phase, and are stabilized by a
surfactant shell. Microbubbles, which contain a gaseous PFC core, have been used to
indirectly facilitate payload delivery from an in situ cross-linking hydrogel containing
liposomes co-encapsulated with the microbubbles (Epstein-Barash et al. 2010). In the
absence of US, microbubbles have also been used to create on-demand, microporous
agarose hydrogels (Lima et al. 2012) or to simultaneously act as a porogen and GF carrier
within poly(lactic-co-glycolic-acid) scaffolds (Nair et al. 2010).

The presented studies build upon previous work where we demonstrated the utility of fibrin
scaffolds doped with sonosensitive PFC emulsions, termed here acoustically responsive
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scaffolds (ARSs). US was used to modulate GF release from the ARS as well as induce
drastic changes in architecture and shear stiffness of the ARS (Fabiilli et al. 2013). Fibrin
was chosen as the hydrogel in the ARS due to its widespread use within the field of tissue
engineering as a delivery system for GFs, cells, drugs, and genes (Whelan et al. 2014).
Sonosensitive PFC emulsions, with single or double structures, have been used as on-
demand contrast agents and delivery vehicles for bioactive payloads, respectively (Kripfgans
et al. 2000; Unger et al. 2004; Diaz-Lopez et al. 2010; Fabiilli et al. 2013; Javadi et al.
2013). The PFC within these emulsions transitions from a liquid into a gas when the
emulsion is exposed to US above a specific acoustic amplitude. This phase transition is
termed acoustic droplet vaporization (ADV) (Kripfgans et al. 2004) and occurs in a
microsecond time frame (Fabiilli et al. 2010; Wong et al. 2011). PFCs such as
perfluoropentane (PFP, CsF1,, 29°C boiling point) and perfluorohexane (PFH, CgF14, 56°C
boiling point) are typically used in sonosen sitive emulsions because of their
biocompatibility and inertness. The emulsification process (i.e., formation of droplets)
prevents low boiling point PFCs, like PFP, from vaporizing at homeostatic body temperature
(37°C) due to an increase in Laplace pressure, which causes an elevation of the PFC boiling
point within the droplets (Rapoport et al. 2009; Sheeran et al. 2011). Sonosensitive
emulsions can possess both single and double emulsion structures. With single emulsions of
the form PFC-in-water (PFC/W), the PFC is dispersed within an aqueous continuous phase.
For delivery of payloads such as GFs, a secondary dispersed phase is added since PFCs are
extremely hydrophobic and lipophobic. Thus double emulsions of the form water-in-PFC-in-
water (W1/PFC/W5) have been used for GF delivery in ARSs whereby the GF is contained
within the Wy phase (Fabiilli et al. 2013).

For responsive scaffolds, the physicochemical properties of the scaffold are related to the
manner in which the scaffold will respond to a stimulus. Conversely, the properties of the
stimulus (e.g., intensity, duration, or directionality) impact the response of the scaffold.
Thus, elucidating the mechanisms that occur when an ARS is exposed to US is critical in not
only achieving optimal payload release from the scaffold, but also relevant for facilitating
regenerative processes that could occur within or adjacent to the ARS. In addition to ADV,
inertial cavitation (IC) has been observed when sonosensitive emulsions undergo a phase
shift (Fabiilli et al. 2009). IC can occur when a bubble, either generated by ADV or the
nucleation of dissolved gas, rapidly expands and collapses due to US exposure. This violent
behavior by the bubble can generate very high temperatures and velocities at the bubble site,
which can ultimately cause bioeffects such as cellular damage and sonoporation (Ferrara et
al. 2007).

The presented in vitro work on a fibrin-based ARS is divided into three main parts. First, the
ADV and IC thresholds were measured for ARSs of varying composition. Parameters such
as fibrin density, emulsion formulation (including stabilizing shell, PFC core, and emulsion
structure), and acoustic cycles were explored. Second, the viability of cells encapsulated in
the ARS was evaluated across the different regimes of ADV and IC. Third, the physical
stabilities of the ARSs, including non-selective (i.e., without US exposure) release profiles,
were measured over the course of 7 days.
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Materials and Methods

Single Emulsion Preparation and Characterization

Four different formulations of single emulsions (PFC/W) were made by combining 25%
(v/v) PFP (CASH#: 678-26-2, Strem Chemicals, Newburyport, MA USA) or PFH (CAS#:
355-42-0, Strem Chemicals) and 75% (v/v) of an aqueous emulsifying agent. The aqueous
phase consisted of either a lipid blend of 6.67 mg/mL 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC, CAS#: 63-89-8 Avanti Polar Lipids, Inc., Alabaster, AL USA) and
0.27 mg/mL 1,2-dipalmitoyl-sn-glycero-3-phosphate monosodium salt (DPPA, CAS#:
169051-60-9, Avanti Polar Lipids, Inc) dissolved in a solution of propylene glycol (CAS#:
57-55-6, Sigma-Aldrich, St. Louis, MO USA), normal saline (Baxter Healthcare, Deerfield,
IL USA), and glycerol (CAS#: 56-81-5, Sigma-Aldrich); 4 mg/mL bovine serum albumin
(BSA) (CAS#: 9048-46-8, Sigma-Aldrich) dissolved in Dulbecco's phosphate buffered
saline (DPBS, Life Technologies, Grand Island, NY USA); or 4 mg/mL Pluronic F68
(CAS#: 9003-11-6, Sigma-Aldrich) dissolved in DPBS. The fluids were shaken with an
amalgamator (Wig-L-Bug, Sigma-Aldrich) at 4800 rpm for 90 seconds (Fabiilli et al. 2009).
The resulting emulsions were stored at 5°C for 30 minutes and then subsequently washed
with normal saline to remove excess emulsifier. The emulsions were characterized with a
Coulter Counter (Multisizer 4, Beckman Coulter, Inc., Indianapolis, IN USA) in the range of
1-30 um. All single emulsion formulations are listed in Table 1.

Double Emulsion Preparation and Characterization

Double emulsions (W1/PFC/W,) were prepared with PFP or PFH as the PFC phase by
modifying a previous method (Fabiilli et al. 2010). A triblock fluorosurfactant, consisting of
Krytox 157FSH (CAS# 51798-33-5, DuPont, Wilmington, DE, USA) and polyoxyethylene
glycol (MW: 1000 g/mol, CAS#: 24991-53-5, Alfa Aeser, Ward Hill, MA USA), was
dissolved in 1 g of PFC at 2% (w/w). The PFC solution was then combined with an aqueous
solution of fluorescein sodium salt (FSS, CAS#: 518-47-8, Sigma-Aldrich), reconstituted at
1 mg/mL in DPBS, in a volumetric ratio of 2.1:1. The phases were sonicated (CL-188,
QSonica, LLC, Newton, CT USA) for 30 seconds while on ice. The resulting primary
emulsion (W1/PFC) was added drop wise to a solution of 50 mg/mL Pluronic F68 in DPBS
and stirred with a magnetic stir bar at 700 rpm for 2 minutes while on ice. The particle size
of the resulting coarse double emulsion (W1/PFC/W5) was reduced using a homogenizer
(T10, IKA Works Inc., Wilmington, NC USA). The resulting emulsion had a FSS
encapsulation efficiency of 89.7% and 92.3% for the PFP and PFH formulations,
respectively. Emulsions were stored at 5°C for 30 minutes and characterized with a Coulter
Counter in the range of 1-30 um. All double emulsion formulations are listed in Table 1.

ARS Fabrication

ARSs were prepared using 3, 5, or 10 mg/mL clottable protein by first combining bovine
fibrinogen (Sigma-Aldrich), dissolved in degassed (40% O, saturation) Dulbecco's modified
Eagle's medium (DMEM, Life Technologies), with bovine thrombin (2 U/mL, Thrombin-
JMI, King Pharmaceuticals, Bristol, TN, USA), and 1% (v/v) emulsion. The mixture was
injected into an OptiCell (Thermo Fisher Scientific Inc., Waltham, MA USA) and allowed

Ultrasound Med Biol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moncion et al. Page 5

to polymerize for 30 min at room temperature. Hydrogels without emulsions were prepared
as a sham condition.

Ultrasound Exposure

OptiCells containing the ARSs were fixed vertically in a tank of degassed water (30-36% O,
saturation) at 37°C, as shown in Fig. 1-A. A calib rated, single element US transducer (2.5
MHz, H108, Sonic Concepts, Inc., Bothell, WA USA) was positioned such that the focus of
the transducer was located equidistant from the OptiCell windows, which are 75 pm thick
and spaced 2 mm apart. This single element transducer (f-number = 0.83, focal length = 50
mm) was used to generate ADV and IC within the ARS. Previous studies (Rahim et al.
2006a; Rahim et al. 2006b; Meijering et al. 2007) have demonstrated that OptiCell windows
attenuate US in the range of 1-3 MHz by less than 1%. The ARS was exposed to 100 pulses
of US that were 3, 6, or 13 acoustic cycles in length with a pulse repetition frequency (PRF)
of 10 Hz and amplitudes ranging from 0.8 - 8 MPa peak rarefactional pressure. Waveforms
were generated using a dual channel function generator (33500B, Agilent Technologies,
Santa Clara, CA USA) and amplified by a gated radio frequency (RF) amplifier (GA-2500A
Ritec Inc, Warwick, Rl USA). Gating was realized using the second channel of the function
generator. During exposure, broadband noise — indicative of IC (Madanshetty and Apfel
1991; Hwang et al. 2006) - was detected by a calibrated hydrophone (1-50 MHz, Onda
Corporation, Sunnyvale, CA USA) that was coupled to the single element transducer and
positioned 6 cm from the OptiCell. Hydrophone waveforms were digitized by an
oscilloscope (HDO4034, Teledyne Lecroy, Chestnut Ridge, NY USA) at a sampling rate of
100 MHz. In order to detect bubble formation, B-mode US images were acquired before and
after exposures from the single element transducer using a clinical US scanner (10 MHz US
linear imaging array, 10L, GE Vivid 7, GE Healthcare, Waukesha, WI USA). To prevent the
linear US array from generating ADV and/or IC within the ARS, a mechanical index (MI) of
0.03 was used, which is significantly lower than the MI required to cause cavitation (Apfel
and Holland 1991). It was confirmed that this low MI caused no increase in echogenicity,
and hence no ADV, in the ARS. For a given experimental run, which consisted of
interrogating acoustic amplitudes in the range of 0.8 — 8.0 MPa peak rarefactional pressure,
the spacing between each acoustic exposure in the OptiCell was 3 mm. This spacing
minimized the interaction between exposure sites since the —6 dB lateral beam width of the
single element transducer was measured as 0.61 mm. The minimum distance between an
exposure and the edge of the OptiCell window was 10 mm. A total of 78 exposures was
done per OptiCell with a separation of 10 mm between runs. All acoustic data (i.e., B-mode
images and hydrophone data) were analyzed in MATLAB (The Mathworks Inc., Natick,
MA USA). The B-mode images, before and after US exposure from the single element
transducer, were subtracted and the mean echo power (MEP) was calculated for the
subtracted image as done previously (Fabiilli et al. 2009). The ADV threshold was defined
as P, where Py, was the first acoustic pressure that satisfied Egn. 1,

n—1

MEP,> (Z]\IER) /(n—1)+30 ()

i=1
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where MEP,, was the MEP of the nf pressure exposure, MEP; was the MEP of the it
pressure exposure, and o was the standard deviation of MEP,, MEP,, MEP;3, ... MEP,_;.

At each acoustic exposure condition, the RF signals collected using the hydrophone
consisted of 100 segments, one for each of the 100 pulses fired by the single element
transducer. A Hanning window was applied to each segment to time gate physical window
reflections from the OptiCell and the direct path transmit signal from the single element
transducer. Then the fast Fourier transform (FFT) of each segment was computed.
Fundamental as well as second and third harmonics of the transmit US frequency were
filtered out by excluding spectral amplitudes that were within 3 dB with respect to the
maximum amplitude at each harmonic. The integrated power spectrum was then calculated
across the entire detected frequency range (1-50 MHz) — although the majority of the signal
was in the 1-10 MHz range — and then compared to the mean (across all segments) of the
integrated FFT of the sham condition (i.e., an ARS without emulsion). Two thresholds
related to IC were then calculated. First, the initiation of inertial cavitation (IC) was
defined as the first pressure for which at least one of the 100 segments contained an I1C
event, which is defined in Eqn. 2

S (Poans) >3 Su (Prsham) /N+30 @

where Sy(Pj arg) is the nth segment in the sequence Pi ars for an ARS exposed to pressure
Pi, Sh(Pi sham) is the nth segment in the sequence Pi sham for a sham exposed to pressure P;,
N is the total number of segments, and o is the standard deviation of the mean of the sham.
Second, persistent cavitation (IC) was defined as the first pressure at which an IC event
was detected in all 100 segments, and thus each segment passed the criterion in Eqn. 2.

Viability of encapsulated cells

ARSs were prepared as previously described except that 5.0 x 10* cells/mL of the mouse
multipotent line C3H10T1/2, clone 8 (CCL-226, ATCC, Manassas, VA, USA) were
encapsulated along with 1% (v/v) PFP double emulsion in 5 mg/mL fibrin. Prior to casting
the ARS, OptiCell windows were blocked with a 10 mg/mL solution of BSA. The acoustic
exposures (13 cycles and 10 Hz PRF) were completed as previously described except that
the single element transducer was rastered across the OptiCell in a paintbrush format to
create large regions exposed to the same acoustic condition (rather than a single point as
section 2.4). To achieve this, each OptiCell was divided into six equally-sized regions of 500
mm?2, with each region spaced 2 mm from each neighboring region and 5 mm from the edge
of the OptiCell window. Each region was exposed to US at a fixed acoustic amplitude. The
single element transducer, which was attached to a micropositioning system, was rastered
across each region at 0.64 mm/s (i.e., 15 pulses/mm) with a 1 mm spacing between exposure
lines. These raster parameters yielded relatively uniform bubble production within the ARS.
Immediately after US exposure, the ARS was biopsied with an 8 mm biopsy punch (Miltex,
Plainsboro, NJ USA) and each biopsied sample was placed in 0.05% trypsin-EDTA (Gibco,
Grand Island, NY USA) for 20 min to degrade the hydrogel. The sham condition (i.e., 0
MPa) was also exposed to the same handling conditions and trypsin degradation as the
experimental condition. There was no statistically significant difference in viability when
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comparing the sham before and after incubation in trypsin for 20 min. Following complete
degradation of the ARS sample, the remaining cells were isolated via centrifugation,
resuspended in DMEM, and then stained with 16.2 uM Hoechst 33342 (Invitrogen, Grand
Island, NY USA), 5 uM calcein AM (“Live” stain, Invitrogen), and 15 uM propidium iodide
(PI, “Dead” stain, Invitrogen). The labeled cells were imaged with a Leica DM IL
microscope (Leica Microsystems Inc., Buffalo Groove, IL USA) using a 10x objective.

Physical Stability of ARSs

Statistics

Results

For stability studies, 0.5 mL ARSs were cast in 24 well plates (Corning Life Sciences,
Tewksbury, MA USA) with 1% (v/v) emulsion — either single or double — and 5 mg/mL
fibrin. Double emulsions contained 1 mg/mL FSS in the W, phase. After polymerization at
room temperature, each ARS was covered with DMEM and placed in a standard tissue
culture incubator at 37°C. At each time point, the overlying media was removed and the
ARS was degraded with 0.05% trypsin-EDTA. Following complete degradation of the ARS,
the resulting sample was centrifuged and the remaining emulsion was sized using a Coulter
Counter as previously described. It was experimentally confirmed that incubation of the
emulsion in trypsin did not alter the size distribution or number density of the emulsion. For
studies with double emulsions, the concentration of FSS in the overlying media was
determined using a plate reader (Molecular Devices Spectramax M2e, Sunnyvale, CA, USA,
494 nm EX/ 521 nm EM). Measurements were taken twice on the firstday att=0hand t =
2 h, then every 24 h from t = 24 h for 144 h. The stability of the emulsions, not contained
within ARSs, was also measured using the aforementioned methods. Light microscopy (10x
objective, Leica DM IL) images of ARSs containing single PFP and PFH emulsions were
taken at t = 0 and t = 72 h to depict differences in physical stability.

The data are expressed as the mean + standard deviation of measured quantities. All n-
values are listed below each corresponding figure. The Tukey—Kramer method, evaluated in
MATLAB, was used to determine statistically significant differences between multiple
groups for acoustic data (i.e., ADV and IC thresholds), with differences deemed significant
for p < 0.05. The 95% confidence interval of slopes is listed in the following format: S [S,,
Snl, where S is the average slope, S, is the lower bound slope and Sy is the upper bound
slope). Statistically significant differences of all other data sets were determined with a
Student's t-test with differences deemed significant for p < 0.05.

Characterization of Emulsions

Table 1 displays the sizing characteristics of the single and double emulsions used in the
ARSs. For lipid shell single emulsions, no statistical differences in the mean diameter,
droplet concentration, and number percent greater than 6 pm were observed between PFP
and PFH emulsions. However, a smaller mean diameter, larger droplet concentration, and a
smaller number percent greater than 6 pm were measured when the single PFH emulsions
were stabilized with BSA or Pluronic F68 versus lipid. Double emulsion droplets were
larger than single emulsions. Additionally, no differences in mean diameter were observed
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between double emulsions made with PFP and PFH, however PFP double emulsions had a
smaller droplet concentration and larger percentage of droplets greater than 6 um than PFH
double emulsions.

ADV and IC thresholds

Fig. 1B-C display the characteristic trends in ADV and IC of ARSs and sham fibrin
scaffolds. At low acoustic pressures, neither bubbles (i.e., ADV) nor IC was detected in the
ARS or the sham. As the acoustic pressure was increased, the ADV threshold was reached
and the droplets in the ARS started to vaporize, generating echogenic bubbles that increased
the MEP in the recorded B-mode images (Fig. 1D). Thus, any acoustic pressure greater than
the ADV threshold triggered ADV. A further increase in the acoustic pressure caused the
first detectable IC event (i.e., the IC|_threshold), where both IC and ADV occurred.
Eventually, at an acoustic pressure higher than the IC|_ threshold, persistent IC was detected
(i.e., all recorded segments contained at least one I1C event). This pressure was the ICy
threshold for an ARS. The acoustic pressure range where IC occurred also contained ADV
due to detectable bubble formation with B-mode imaging. Sham scaffolds (i.e., fibrin
scaffolds without emulsion) did not display an ADV threshold and IC_ occurred at a higher
acoustic pressure than the IC;_threshold of an ARS with the same fibrin concentration and
exposed to the same number of acoustic cycles. Furthermore ICH was not detected in any of
the sham scaffolds — containing 3, 5, or 10 mg/mL fibrin. Fig. 1D shows a B-mode image of
an OptiCell containing an ARS. Fig. 1D-1 and Fig. 1D-11 shows the ARS before and after
US exposure from the single element transducer, respectively. The change in echogenicity
(i.e., brightness) post US exposure can be observed, and Fig. 1D-I11 shows an image
subtraction of Fig. 1C-1 and 1C-II displaying clear persistent bubble formation and the
appearance of the back OptiCell window produced by its shadowing in Fig. 1D-11 due to
bubble production.

The ADV, IC_and ICy (ICy) thresholds for an ARS with 5 mg/mL fibrin and doped with
varying single emulsion cores (PFP vs. PFH) stabilized by a lipid shell were quantified (Fig.
2A). Qualitatively, all thresholds tended to decrease as the number of acoustic cycles
increased, with a statistically significant difference between 3 and 13 cycles for PFH
droplets. All thresholds were higher for PFH than PFP at 3 cycles. There were no differences
between ADV and IC_ for any acoustic condition in Fig 2-A. However, ICy was larger than
ADV and IC_ for both PFP and PFH at 3 and 6 cycles; at 13 cycles, no differences were
observed with the ADV and IC 4 thresholds.

Fig. 2B shows the ADV and IC 4 thresholds for ARSs containing either 3, 5, or 10 mg/mL
fibrin and doped with a lipid stabilized, PFH single emulsion. Qualitatively, the ADV and
ICn thresholds directly correlated with fibrin concentration, with statistically larger ADV
and ICy_ thresholds at 10 mg/mL versus 3 mg/mL for all acoustic cycles. Similar to the data
in Fig. 2A, the ADV and IC ;4 thresholds decreased as the number of acoustic cycles
increased for 5 and 10 mg/mL fibrin. The ICy threshold was higher than the ADV and IC|
thresholds for all acoustic conditions and fibrin concentrations except 13 cycles at 3 mg/mL.

The ADV and IC 4 thresholds for ARSs containing 5 mg/mL fibrin and doped with single
PFH emulsions of varying droplet shell composition are displayed in Fig. 2C. ARSs doped
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with lipid shelled emulsions had a lower IC, threshold compared to the protein based BSA
shell and the polymer based Pluronic F68 shell emulsions at all acoustic cycles, with the
largest difference occurring between lipid and Pluronic F68 emulsions. A higher ADV
threshold was observed with Pluronic F68 shell emulsions versus lipid shell emulsions at 6
acoustic cycles. For all cases, the ICy threshold occurred at a higher acoustic pressure than
the ADV and IC,_thresholds. Increasing the number of acoustic cycles yielded lower ICy
thresholds for all three shell materials when comparing 3 versus 13 acoustic cycles.

In Fig. 2-D, the ADV and IC 4 thresholds for ARSs containing 5 mg/mL fibrin and doped
with either PFP or PFH double emulsions are shown. Similar to the trend observed in Fig. 2-
A, PFH emulsions had higher ADV and IC thresholds than PFP emulsions when
comparing 3 and 6 acoustic cycles. The ICy threshold was higher than the ADV and IC_
thresholds within all acoustic conditions for PFP emulsions. The IC|_threshold for ARSs
doped with PFH double emulsion was equivalent to that observed in the sham. IC was not
detected with PFH emulsions in the range of acoustic pressures tested.

The viability of C3H10T1/2 cells encapsulated in an ARS containing 5 mg/mL fibrin and
doped with PFP double emulsion was quantified (Fig. 3). This ARS was identical in
composition to the ARS in Fig. 2D, with the addition of cells. In Fig. 2D, the ADV, IC|, and
ICH thresholds occurred approximately at 2, 3.8, and 5 MPa, respectively. The percentage of
live cells (i.e., calcein™) correlated inversely with acoustic pressure, with a linear regression
of the entire data yielding a slope of 3.2 [-4.7, —=1.7]. Conversely, the percentage of dead
cells (i.e., P1*) was directly correlated with acoustic pressure, with a linear regression of the
entire data yielding a slope of 3.7 [2.2, 5.3]. In the region before ADV and IC (i.e., 0 -2
MPa), regressions of the live and dead data yield slopes whose 95% confidence intervals are
nearly centered at zero (live: —0.1 [-25.8, 25.6], dead: 0.6 [-21.6, 22.8]), thus indicating no
change in cell viability. In the region from 0 to 4 MPa, regressions of the live and dead data
yield a slope of -0.9 [-5.5, 3.7] for live and 1.6 [-2.9, 6.1] for dead. In the region between 4
and 8 MPa, regressions of the live and dead data yield a slope of —5.7 [-9.5, —1.9] for live
and 5.2 [0.3, 10.0] for dead.

bility of ARSs

Light microscopy images of ARSs containing 5 mg/mL fibrin and doped with PFP or PFH
double emulsions immediately after and 72 h after polymerization are shown in Fig. 4.
These ARSs were not exposed to US and were placed in a standard tissue culture incubator
at 37°C between imaging sessions. At 0 h both ARSs contained no bubbles. However after
72 h of incubation, the ARS doped with PFP emulsion contained significantly more bubbles
than the ARS doped with PFH emulsion.

Quantification of the physical stability of ARSs containing 5 mg/mL fibrin and doped with
single or double emulsions is presented in Fig. 5A-B. The stability is displayed in terms of
droplet concentration (i.e., number density per volume of ARS) and volume percentage of
droplets remaining. Note that the ARSs initially contained 1% (v/v) emulsion. Fig. 5-A
shows the physical stability of ARSs doped with PFP or PFH single emulsions. After 2h,
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ARSs doped with PFH single emulsion exhibited a 10% decrease in droplet concentration.
After 144 h, a 40% decrease in droplet concentration, relative to 0 h, was observed for the
ARS with PFH emulsion. The volume percentage increased to 1.4% after 2 h of incubation
and decreased to 1.2% after 144 h of incubation. For ARSs with PFP single emulsions there
was a statistically significant decrease in both droplet concentration and volume percentage
beginning 24 h after incubation, relative to 0 h, with further decreases in both metrics over
time. At 144 h, the droplet concentration and volume percentage decreased by 97% and
94%, respectively, compared to 0 h. No statistically significant differences in mean diameter
or number percent greater than 6 um was observed for ARSs with single PFP or PFH
emulsions (data not shown). As a comparison, Supplemental Fig. 1A shows the stability of
the same single emulsion formulations in DMEM, at the same concentration used in the
ARSs (i.e., 1% (v/)). Overall, droplet concentration and volume percentage of emulsions did
not change at 144 h relative to 0 h for PFP and PFH emulsions.

Fig. 5B show that ARSs containing PFP double emulsion exhibited a 50% decrease in
droplet concentration 24 hours after polymerization. The concentration then remained
relatively unchanged through the remainder of the experiment, with a linear regression of
the PFP droplet concentration data yielding a slope roughly centered at zero [-2.8 x 10% ,
3.5 x 10%]. A 61% decrease in droplet concentration was observed when comparing 0 h
versus 144 h. The volume percentage also decreased after 24 hours and remained relatively
constant at 0.5%, with a linear regression through the data yielding a slope of 0.001 [-0.001,
0.003]. A 68% decrease in volume percentage was observed when comparing 0 h versus 144
h. This is similar to the results observed in Fig. 5-A where the ARSs doped with PFP single
emulsion exhibited a statistically significant decrease in both volume percentage and droplet
concentration at 144 h relative to 0 h. For ARS with PFH double emulsion, both the droplet
concentration and volume percentage of droplets increased with time. A 27% increase in
droplet concentration and a 238% increase in volume percentage was seen when comparing
data at O h and 144 h. No statistically significant differences in mean diameter or number
percent greater than 6 um was observed for ARSs with double PFP or PFH emulsions (data
not shown). Supplemental Fig. 1B shows the stability of double emulsions in DMEM.
Similar to single emulsions in DMEM, the droplet concentration and volume percent of
emulsions did not decrease at t = 144 h relative to t = 0 h for PFP or PFH emulsions. For
PFH double emulsions, the volume percentage increased to 2% (v/v).

Non-selective payload release

The release of FSS from ARSs containing 5 mg/mL fibrin and doped with PFP or PFH
double emulsions is shown in Fig. 6. The FSS was initially encapsulated within the W1
phase of each emulsion. The data in Fig. 6 was acquired in the same experiment as the
stability data in Fig. 5. As a control, the release profile of FSS, not encapsulated in a double
emulsion but incorporated directly into the fibrin scaffold, is also shown. After 144 h, less
than 3% of the initially loaded FSS is released from the ARSs with either the PFP or PFH
emulsions. Comparatively, 62% of the initially loaded FSS was released from the control
scaffold after 144 h.
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Discussion

Recently, we demonstrated that US can be used to actively control GF release, architecture,
and stiffness in a fibrin scaffold doped with sonosensitive emulsion (Fabiilli et al. 2013).
Here we characterize the acoustic response of fibrin-based ARSs with a surrogate payload
and relate it to cell viability within the scaffold, while also focusing on the stability of the
ARSs. By design, an ARS is more responsive to US than a conventional fibrin scaffold. The
results demonstrated that stable bubbles were created via ADV in all tested compositions of
ARSs. For acoustic measurements, all ARSs and sham hydrogels were formulated with
degassed DMEM and placed in a degassed water tank, which decreased the amount of
dissolved gas present and thus likelihood for bubble generation and persistence within the
scaffolds. Bubble formation was not detected in the sham scaffolds (i.e., no droplets) using
B-mode US. Additionally, IC, and ICy thresholds were lower in the ARSs, compared to the
sham scaffold, except in the case of ARS doped with PFH double emulsions at 3 and 6 cycle
pulses (Fig. 2D). This is consistent with previous studies, where the IC threshold of a
solution containing microbubbles or high concentrations of dissolved gas was lower than the
IC threshold in the same solution without microbubbles or a low concentration of dissolved
gas (Fabiilli et al. 2009). During IC, the rapid collapse of cavitation nuclei typically results
in various remnant fragments (Flynn and Church 1984; Brennen 2002; Pishchalnikov et al.
2008). These daughter nuclei last from milliseconds to full seconds (Epstein and Plesset
1950; Chen et al. 2002; Pishchalnikov et al. 2008), and may serve as cavitation nuclei for
following US pulses. However in degassed media, more aggressive acoustic conditions are
required to form cavitation nuclei and any subsequent daughter nuclei. In vitro and in vivo
bioceffects related to IC have been found to correlate with the IC dose, which is the
magnitude of IC activity over time (Hallow et al. 2006; Hwang et al. 2006). Thus, for
delivery of large molecules such as GFs that have higher order structure, avoidance of
acoustic pressures that generate persistent IC may be beneficial in retaining GF bioactivity
(Marchioni et al. 2009).

A trend observed in prior work was that the ADV threshold occurred at a lower acoustic
pressure than the IC_threshold, where the bubbles generated by ADV were hypothesized to
undergo IC (Fabiilli et al. 2009; Schad and Hynynen 2010). These previous studies
measured the acoustic thresholds of sonosensitive emulsions in flowing saline, thus
emulating the presence of intravascularly administered emulsion in blood flow. Depending
on the flow velocity and acoustic parameters, bubbles generated by ADV may not be
insonified by multiple pulses of US. However, bubbles formed in the ARSs are relatively
stationary and thus are exposed to multiple acoustic pulses. Therefore, given that 100 pulses
were fired at one location within the ARS (Fig. 2), a bubble formed by ADV within the first
99 pulses fired by the single element transducer has the potential to undergo 1C during the
remaining pulse, at a given acoustic pressure.

ARSs doped with PFH double emulsions displayed higher ADV and IC, ;4 thresholds than
ARSs doped with PFP double emulsions (Fig. 2A versus Fig. 2D). Interestingly, ARSs
doped with PFP or PFH single emulsions displayed similar thresholds. Previous studies have
demonstrated that the acoustic pressure required to vaporize a PFC emulsion was related to
the boiling point of the PFC (Kawabata et al. 2005; Fabiilli et al. 2009; Sheeran et al. 2011).
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However another study showed that the IC thresholds of PFC emulsions was independent of
the boiling point of the dispersed PFC phase (Giesecke and Hynynen 2003). Gases are very
soluble in PFCs, especially oxygen, with the solubility inversely correlated to PFC
molecular weight (Riess 2001; Dias et al. 2004; Johnson et al. 2009). It is hypothesized that
the interaction of US with the dissolved gases within a PFC droplet causes the vaporization
of high boiling point PFCs, such as perfluoro-15-crown-5-ether (boiling point: 146 °C)
(Rapoport et al. 2011) or yields similar IC threshold for PFCs with different molecular
weights (Giesecke and Hynynen 2003). Thus, the similar ADV thresholds in ARSs with
single PFP and PFH emulsions may potentially be attributed in part to high gas solubility
within both PFCs.

For the same number of acoustic cycles, ARSs doped with double emulsions generally
displayed higher ADV and IC 4 thresholds than ARSs doped with single emulsions (Fig.
2A versus Fig. 2D). These acoustic differences could be due to variations in the outer shell
stabilizing the emulsion droplets, droplet diameter, or emulsion morphology. The outer
shells of the single and double emulsions were lipid and Pluronic F68, respectively. It can be
seen in Fig. 2C that ARSs containing single emulsions with Pluronic F68 shells had higher
acoustic thresholds than ARSs with single emulsions with lipid shells. Since the ADV
threshold is inversely related to droplet size (Fabiilli et al. 2009; Schad and Hynynen 2010;
Sheeran et al. 2011), it was expected that the ADV threshold of ARSs with double
emulsions would have been lower than single emulsions since the double emulsions were
larger in size (Table 1). Thus, it is hypothesized that the mechanism governing the initiation
of ADV for double emulsions is different than that of single emulsions. In addition, the
fraction of PFC within a double emulsion droplet is smaller than in a single emulsion
droplet, which may diminish the probability for an appropriate nucleation site and therefore
increase the pressure needed to trigger ADV in a double emulsion. Prior work has also
shown that the expansion rate of double emulsions is slower than that of single emulsions
during ADV (Shpak et al. 2013). Thus more acoustic energy may be required to displace the
viscous hydrogel media surrounding the double emulsion droplet while also preventing
recondensation of the PFC during the relatively slow expansion.

For ARSs with single emulsions, the effects of shell material and droplet size on ADV and
IC_n thresholds cannot be completely decoupled since different shells yielded differently
sized emulsions. As stated previously, higher thresholds were observed with Pluronic F68
emulsions versus lipid shell emulsions (Fig. 2C). Microbubbles with a soft-shell surfactant,
such as lipid, can undergo net radial fluctuations of at least 15%, while stiffer albumin-
shelled microbubbles demonstrate constrained expansion and contraction when exposed to
US (Dayton et al. 1999). In addition, microbubbles with stiffer polymer based shells have
higher fragmentation thresholds than lipid-based microbubbles (Chen et al. 2003). Lipid
shell emulsions also displayed the largest mean diameter and highest percentage of droplets
greater than 6 um, which could also lead to a lower ADV and ICy jy thresholds. Within an
ARS, the interaction between a droplet and the surrounding fibrin could be affected by the
physiochemical properties of the shell stabilizing the droplet. For example, Pluronic F68 can
alter the arrangement of fibrin fibers, which could ultimately impact the acoustic response of
the ARS (Vangelder et al. 1993). Such interactions would also explain the apparent
instability of the PFP droplets in the ARSs in comparison to that found in aqueous solutions.

Ultrasound Med Biol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moncion et al.

Page 13

In addition, the ADV thresholds of single emulsions within the ARS could be modified by
altering surfactant composition, which has been shown to influence the interfacial tension of
PFC and aqueous solutions (Kandadai et al. 2010).

With conventional fibrin scaffolds, the rate of cellular infiltration and the extent of
neovascularization are inversely related to fibrin density (Kniazeva et al. 2011). In this
study, higher ADV and IC thresholds were observed as the fibrin concentration of the ARS
increased. The inertia of the surrounding media, large Laplace pressure, and viscosity may
delay the startup of bubble nucleation during ADV or growth during ADV/IC. If the time
delay caused by these factors comprise a significant portion of the acoustic period, then a
much higher acoustic pressure could be required to initiate the growth of the bubble from the
emulsion or to cause the generated bubble to undergo IC (Apfel 1986; Holland and Apfel
1989; Fabiilli et al. 2009; Fabiilli et al. 2013). Overall, ADV and IC thresholds generally
decreased as the number of acoustic cycles increased. Previous research has demonstrated an
inverse correlation between the 1C threshold and the number of acoustic cycles, especially in
the range of 1 to 10 cycles (Atchley et al. 1988; Fowlkes and Crum 1988; Ammi et al.

2006).

Since the ADV and IC thresholds can be modulated by altering the composition of the ARS,
this opens the possibility of expanding the therapeutic capabilities of an ARS beyond what
has been previously demonstrated (Fabiilli et al. 2013). US could be used to modulate the
porosity or mechanical properties of ARSs containing single emulsions to influence cell
invasion into the ARS. Alternatively, single emulsions could be used to deliver therapeutic
gases within the ARS (Faithfull 1992). Release of two distinct payloads could be achieved
by formulating an ARS with two different double emulsion formulations. For example, as
seen in Fig. 2-D, the ADV thresholds in an ARS containing PFP or PFH double emulsion is
2.5 MPa and 3 MPa, respectively, at 3 cycles. Therefore one payload could be released first
at the lower acoustic threshold while a second payload could be released at a higher acoustic
threshold — thus enabling temporal control of multiple payload release. Though not
investigated in this work, the use of different US frequencies could also be used to tune
different release thresholds (Kripfgans 2002; Schad and Hynynen 2010; Martz et al. 2011).
Other modifications to the droplet formulations including differential size distributions
could further increase the separation in threshold for temporal control. Spatial control of
ADV/IC and payload release is also an inherent feature of an ARS due to the use of focused
US as the means to interact with the sonosensitive emulsion, compared to studies where
unfocused US has been used to facilitate drug release (Huebsch et al. 2014). The use of
megahertz frequency US to trigger ADV enables patterning at submillimeter resolution
within an ARS. Additionally, ADV thresholds of the ARSs ranged from approximately 1.5
to 3 MPa peak rarefactional pressure, which is within the output range of clinical diagnostic
US scanners (i.e., at 2.5 MHz, 3 MPa is equivalent to a mechanical index of 1.9 which is the
current upper limit set by the United States Food and Drug Administration). Clinically-
approved, therapeutic US systems, typically operating in the 1-3 MHz range, could be used
to generate ADV at higher acoustic pressures within an ARS.

Cell adherence and viability can be impacted by US capable of generating ADV and IC.
ADV adjacent to adherent cells can cause detachment (Ohl et al. 2006) while an 80%

Ultrasound Med Biol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moncion et al.

Page 14

decrease in cell number was observed for cells in the presence of bubbles undergoing IC
(Ward et al. 1999). It was previously demonstrated that the viability of cells encapsulated in
an ARS was not impacted by high amplitude US used to generate ADV within an ARS,
when measured 2 days after ADV exposure (Fabiilli et al. 2013). However, this prior study
investigated only one acoustic condition (i.e., 6 MPa peak rarefactional pressure at 3.5 MHz,
MI = 3.2) and the presence of IC was not measured. In this work, the viability of cells
contained in the ARS was not affected by acoustic pressures up to 2 MPa but decreased to
60% when exposed to an acoustic pressure of 8 MPa, which generated sustained IC. As seen
in Fig. 2, some of the ADV thresholds occurred at pressures less than 2 MPa. Additionally,
the use of higher frequency US could reduce the acoustic bioeffects stemming from IC,
though at the expense of depth penetration. Beyond viability, the impact of ADV and IC on
cellular proliferation, differentiation, apoptosis, as well as cytokine production in an ARS
are also critically important, but were outside of the scope of this work.

The physical stability of the emulsion used to dope an ARS is relevant to the stability of the
ARS as a whole and can impact the ability of US to interact with the ARS. ARSs doped with
PFH emulsions displayed less spontaneous (i.e., in the absence of US) bubble formation
than ARSs doped with PFP emulsions. The millimeter size bubbles formed in the ARS
doped with PFP likely formed via coalescence of multiple smaller bubbles. Also, subsequent
in-gassing may have occurred as the ARS, which was prepared with degassed fluids, was
placed into a cell culture incubator at atmospheric gas saturation with 5% carbon dioxide.
Additional nucleation of dissolved gas within the PFC could also have occurred as the ARS
warmed from room temperature to 37°C. It is hypothesized that the higher boiling point of
PFH versus PFP imparts greater stability. Previous studies with PFP emulsions indicate that
these droplets are stable at 37°C (Fabiilli et al. 2013), though few if any studies explored the
stability at 37°C for one week or in a matrix like a fibrin scaffold. Additionally, as seen
when comparing Fig. 5 to Supplemental Fig. 1B, PFP emulsions displayed greater stability
in DMEM versus in an ARS. Within an ARS, the fibrin surrounding each droplet may be
exerting tension on the droplet, or effectively lowering the interfacial tension, which would
destabilize the PFC droplet.

Encapsulation of FSS within the W, phase of the emulsion hindered its release from the
ARS when compared to non-emulsified FSS (Fig. 6). However, despite exhibiting greater
stability, the retention of FSS was similar for ARSs doped with PFP and PFH double
emulsions. The higher bubble density within ARSs doped with PFP double emulsion could
impact the diffusivity of FSS through the ARS. Overall, the greater stability of the ARS with
PFH double emulsion makes this composition better suited for controlled release or in vivo
implantation since any spontaneously formed bubbles would prevent US from penetrating
the ARS. In additional to spontaneous vaporization, the population of PFC droplets may be
shifting toward larger sizes, due to droplet coalescence or Ostwald ripening. This would
cause sub-micron size droplets that are initially below the sizing range of the Coulter
Counter to enter the detectable range (i.e., 1 — 30 um), thus causing an increase in the droplet
concentration and volume percentage. The osmotic imbalance between the Wy phase, which
contained FSS at 1 mg/mL, and the surrounding environment (i.e., the fibrin scaffold and
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overlying DMEM), could have contributed to the increase in volume percentage of the
emulsion within the ARS doped with PFH double emulsion.

Conclusions

In this study, we characterized the interactions of US with droplets and associated bubbles
occurring in sonosensitive hydrogels. ADV and IC thresholds were modulated by modifying
ARS parameters such as fibrin concentration, emulsion shell material, PFC core, emulsion
structure, and the number of acoustic cycles. ADV occurred within an ARS with minimal
effects on cell viability while IC caused decreases in viability. ARSs doped with PFH
emulsions displayed better physical stability and less spontaneous bubble formation than
ARSs doped with PFP emulsions. Non-selective payload release was minimal for both ARS
compositions tested. Based on this study, the recommended ARS composition for GF
delivery consists of 5 or 10 mg/mL fibrin with a double emulsion containing PFH or an ad-
mixture of PFP/PFH. For the US exposure, a higher number of acoustic cycles is also
recommended.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Experimental setup used to expose ARSs to US. Representative plots showcasing the
behavior of ADV, measured via enhanced brightness in the B-mode US images (i.e., MEP),
and IC, measured via enhanced broadband noise, for an ARS (B) and a sham scaffold (C,
without droplets). The ADV and IC,_thresholds were defined as the first acoustic pressure
data point that met the criteria in Equations 1 and 2, respectively. The threshold for
persistent cavitation, ICp, was defined as the first acoustic pressure data point where all 100
segments contained at least one IC event. For the sham scaffold (C), there was no detectable
ADV due to the absence of droplets and also no enhanced brightness due to persistent
bubbles generated by IC. Additionally, IC__ occurred at a higher acoustic pressure relative to
the ARS with the same fibrin concentration. IC was not measured in the sham scaffold
across the range of acoustic pressures interrogated in this work (i.e., 0 — 8.07 MPa). B-mode
US images of the cross-section of an OptiCell containing an ARS (D). Images were taken
before (DI) and after (DII) the ARS was exposed to high amplitude acoustic pulses
generated by the single element US transducer. The subtracted image of DIl — DI (DIII)
clearly shows the bubbles generated by ADV in the ARS, which was used for ADV
threshold analysis (i.e., MEP). Scale bar = 2 mm.
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Figure 2.

ADV and IC thresholds of ARSs containing varying (A) droplet formulations (i.e., different
PFC cores), (B) fibrin concentration, (C) droplet shell material, and (D) emulsion structures.
For each parameter set, the number of acoustic cycles was varied. In (B) and (C), the ARSs
were doped with a PFH single emulsion. A fibrin concentration of 5 mg/mL fibrin was used
in ARSs in (A), (C), and (D). A lipid shell was used in (A) and (B). For certain conditions in
(D), ICy was not detected in the range of acoustic pressures interrogated in this work (i.e, 0
—8.07 MPa); these conditions are denoted by an ‘[1’. Data are shown as mean = standard
deviation for n = 5 and all ARSs were prepared the day of acoustic measurement.
Statistically significant differences within each subfigure are detailed in Supplemental
Tables 1 - 4.
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Figure 3.
Viability of C3H10T1/2 cells in an ARS containing 5 mg/mL fibrin, 1% (v/v) PFP double

e

mulsion, and 50,000 cells/mL after exposure to US at 13 cycles and 10 Hz PRF. Viability

was determined with calcein for live staining, propidium iodide for dead staining, and
Hoechst for total number of cells. The sham condition (i.e., 0 MPa) underwent the same
experimental steps and exposure to environmental conditions as the non-sham conditions.
Data are shown as mean + standard deviation for n = 9. *p < 0.05 vs. no US condition.

Ultrasound Med Biol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Moncion et al.

Page 23

Figure 4.
Light microscopy images of ARSs doped with 1% (v/v) PFP or PFH emulsions at 0 h and 72

h after polymerization. Between imaging, the ARSs were placed in a standard tissue culture
incubator at 37°C and were not exposed to U S. Scale bar = 7.8 mm.
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Figure 5.

Physical stability of ARSs doped with single (A) and double (B) emulsions. The ARSs were
degraded with 0.05% trypsin and the remaining emulsion was sized with a Coulter Counter.
Data are shown as mean + standard deviation for n = 5.
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Figure 6.
Non-selective (i.e., without US exposure) release of a small molecular weight surrogate

payload, FSS, from ARSs containing PFP or PFH double emulsions. The FSS was
encapsulated within the W phases of the respective emulsions. The ARSs were placed in a
standard tissue culture incubator at 37°C. The rel ease profile of non-emulsified FSS, doped
within a sham fibrin scaffold (i.e., without emulsion) is also shown. Data are shown as mean
+ standard deviation for n = 5.
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