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Abstract
Wound healing is regulated by temporally and spatially restricted patterns of growth factor
signaling, but there are few delivery vehicles capable of the “on-demand” release necessary for
recapitulating these patterns. Recently we described a perfluorocarbon double emulsion that
selectively releases a protein payload upon exposure to ultrasound through a process known as
acoustic droplet vaporization (ADV). In this study, we describe a delivery system composed of
fibrin hydrogels doped with growth factor-loaded double emulsion for applications in tissue
regeneration. Release of immunoreactive basic fibroblast growth factor (bFGF) from the
composites increased up to 5-fold following ADV and delayed release was achieved by delaying
exposure to ultrasound. Releasates of ultrasound-treated materials significantly increased the
proliferation of endothelial cells compared to sham controls, indicating that the released bFGF was
bioactive. ADV also triggered changes in the ultrastructure and mechanical properties of the fibrin
as bubble formation and consolidation of the fibrin in ultrasound-treated composites were
accompanied by up to a 22-fold increase in shear stiffness. ADV did not reduce the viability of
cells suspended in composite scaffolds. These results demonstrate that an acoustic droplet–
hydrogel composite could have broad utility in promoting wound healing through on-demand
control of growth factor release and/or scaffold architecture.
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1. Introduction
Scaffolds, typically fabricated with porous structures and composed of biodegradable
materials, are frequently used in regenerative medicine as an adhesive substrate for the
attachment of cells and/or the encapsulation of inductive proteins (e.g. growth factors) [1–3].
As a critical component of the local, cellular microenvironment, growth factors can affect
the migration, survival, proliferation and differentiation of cells. In most cases, the release of
growth factors, either chemically conjugated to the scaffold material [4,5] or physically
contained within particulates [6–8], is a process dominated by molecular diffusion and
material degradation. The ability to modulate growth factor release from these passive
systems is severely limited, especially after in vivo implantation of the scaffold.

Non-invasive control of protein release from a scaffold could improve the efficacy and
safety of growth factor-based therapies. Additionally, such control could facilitate the
generation of distinct spatial and/or temporal profiles of growth factor availability within the
scaffold, thus more closely mimicking the patterns of growth factor expression observed
during endogenous wound healing [9,10]. Various stimuli such as pH [11] and proteases
[12], as well as energy-based stimuli such as magnetism [13,14], electricity [15], light [16],
and temperature [17], have been used to trigger the release of therapeutic agents. However,
the ability to translate these externally modulated systems to the clinic is limited by the
inability to focus the triggering stimulus or interact with deep tissue implants.

In addition to responding to chemical signals such as growth factors, cells also respond to
the mechanical properties of their microenvironment [18]. Within a scaffold, physical
properties such as elasticity, pore size, and degradation rate affect cellular processes [19,20],
and on-demand perturbation of those properties would provide new avenues by which to
“actively” regulate cell behavior in an engineered tissue. Although a recent study
demonstrated the externally controlled modification of ferrogel architecture post-
implantation [14], most modifications to scaffold architecture are done prior to cell seeding
and scaffold implantation [21,22] due to the use of chemicals or processing techniques that
are not biocompatible [2].

One externally applied stimulus capable of inducing “on-demand” release of growth factors
and scaffold architecture modification is ultrasound. Using both thermal and non-thermal
mechanisms, ultrasound has been used extensively to facilitate the regeneration of both soft
tissue and bone [23–25]. Ultrasound is an attractive stimulus for interacting with scaffolds
since it can be applied non-invasively, focused with sub-millimeter precision, and delivered
in a spatio-temporally controlled manner to sites deep within the body. The ultrasound-based
mechanism used in the presented studies is termed acoustic droplet vaporization (ADV),
whereby an emulsion (i.e. surfactant-stabilized, liquid droplets) is converted into gas
bubbles upon exposure to ultrasound beyond a threshold pressure amplitude [26,27]. ADV
has been studied as a release mechanism for therapeutic agents, primarily with emulsions
designed to be delivered intravascularly [28–35]. Acoustically sensitive emulsions that
undergo ADV are composed of a perfluorocarbon (PFC) liquid such as perfluoropentane
(PFP, C5F12, 29 °C boiling point). At normal body temperature (i.e. 37 °C), micron-sized
PFP emulsions do not vaporize due to the increase in internal (i.e. Laplace) pressure, and
hence boiling point elevation, of PFP when formulated as droplets [36,37]. During ADV, the
PFC liquid is converted into a gas in a microsecond timeframe [38] via a non-thermal
mechanism [39]. PFCs, which have been used in medical applications as blood substitutes
[40] and ultrasound contrast agents [41], are inert and biocompatible, with exhalation being
the main route of excretion for low molecular weight PFCs, such as PFP, that are
intravascularly administered [42]. Due to their extreme hydrophobicity and lipophobicity
[43], PFCs are poor solvents for therapeutic agents such as growth factors. Therefore, for
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water-soluble agents such as growth factors, a double emulsion of the form water-in-PFC-in-
water (W1/PFC/W2) is used to contain growth factor within the W1 phase [32,34,44,45]. The
PFC within the double emulsion serves multiple functions. First, the PFC – which is
exceedingly hydrophobic [43] – acts as a diffusion barrier for the hydrophilic payload
contained within the W1 phase droplets. Second, during ADV, the PFC undergoes a liquid-
to-gas phase transition, thus dispersing the W1 phase droplets and facilitating release of the
encapsulated growth factor.

In the presented in vitro studies, droplet–hydrogel composites – consisting of a fibrin matrix
doped with a PFC double emulsion – were generated. These novel composites provide a
uniquely bioactive platform that enables the noninvasive regulation, both spatially and
temporally, of biochemical and mechanical stimuli relevant to tissue regeneration. Fibrin
was chosen for the hydrogel because it has been used extensively in tissue engineering
studies, polymerizes rapidly under mild conditions, and is approved by the US Food and
Drug Administration (FDA) for clinical use. The experiments focus on characterizing
several formulations of the composites before and after ADV in terms of (1) morphological
and mechanical properties, (2) the release of bioactive, basic fibroblast growth factor
(bFGF) contained within the W1 phase, (3) enzymatic and cell-based fibrinolysis of the
scaffold and (4) viability of cells co-encapsulated in the composite scaffold. These
composites may be useful in tissue regeneration where bFGF has been shown to induce
angiogenic [46,47] or osteogenic [48,49] responses.

2. Materials and methods
2.1. Emulsion preparation and characterization

The double emulsion was prepared by modifying a previously published method [32]. The
primary emulsion (W1/PFC) was formed by dissolving Krytox 157 FSL (CAS# 51798-33-5,
DuPont, Wilmington, DE, USA), a perfluoroether with carboxylic acid functionality and
Krytox 157 FSL-polyethylene glycol copolymer in PFP (CAS# 678-26-2, Strem Chemicals,
Inc., Newburyport, MA, USA) at concentrations of 0.5% (w/w) and 1.0% (w/w),
respectively. Krytox, including its derivatives and copolymers, has been used to stabilize
emulsions in in vitro studies with mammalian cells and Caenorhabditis elegans [50] as well
as in in vivo studies with chicken embryos [45] and rats [34]. The PFP phase was then
combined with an aqueous solution of bFGF, reconstituted at 50 μg ml−1 in phosphate
buffered saline (PBS) containing 1% (w/v) bovine serum albumin (BSA) and 10 μg ml−1

heparin, at a volumetric ratio of 2.1:1. Heparin was included because it has been shown to
protect bFGF from degradation [51]. The phases were emulsified, while in an ice bath, using
the microtip accessory of a sonicator (model 450, 20 kHz, Branson, Danbury, CT, USA)
operating at 125 W cm−2 for 30 s in continuous mode. The resulting primary emulsion was
added drop-wise at a 1:2 volumetric ratio to a 10 mg ml−1 solution of Poloxamer 188
(Sigma–Aldrich, St Louis, MO, USA), dissolved in PBS containing 1% (w/v) BSA and 10
μg ml−1 heparin, which was in an ice bath and being stirred at 1100 rpm for 10 min. To
minimize carryover of non-emulsified bFGF, the double emulsion was washed by allowing
the emulsion to settle, removing the supernatant, and adding fresh PBS with 1% BSA and 10
μg ml−1 heparin. The concentration of bFGF in the supernatant was assessed using an
enzyme-linked immunosorbent assay (ELISA) (DY233, R&D Systems, Inc., Minneapolis,
MN, USA). The emulsion was sized using a Coulter counter (Multisizer 3, Beckman Coulter
Inc., Brea, CA, USA). Except for the bFGF release experiments, sham double emulsions
were used, which did not contain bFGF in the W1 phase. To assess the double emulsion
structure, fluorescein sodium salt (Sigma–Aldrich) was dissolved in the W1 phase. The
resulting emulsion was diluted in PBS and mounted on a microscope slide in a coverwell
imaging chamber (Electron Microscopy Sciences, Hatfield, PA). Confocal fluorescent
images of the droplets were taken using an inverted SP5X microscope with a 63× objective
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(Leica, Wetzlar, Germany). For all experiments, the emulsion was used “as is” without any
further purification or size separation.

2.2. Hydrogel fabrication
Fibrin gels and droplet–hydrogel composites with either 5 or 10 mg ml−1 clottable protein
were prepared by combining bovine fibrinogen (Sigma–Aldrich) dissolved in Dulbecco’s
modified Eagle medium (DMEM), with bovine thrombin (2 U ml−1, Thrombin-JMI, King
Pharmaceuticals, Bristol, TN, USA), and 0%, 1% or 5% (v/v) of the double emulsion. All
solutions besides the emulsion were degassed under vacuum prior to polymerization. Gels
were allowed to polymerize for 30 min at room temperature prior to use. For cell culture and
bFGF release studies, 0.5 ml gels (final dimensions: 16 mm diameter, 2 mm height) were
cast in wells of 24-well culture plates (Fisher Scientific, Pittsburgh, PA, USA). For
mechanical testing, 2.5 ml gels (final dimensions: 36 mm diameter, 2 mm height) were cast
in six-well HT Bioflex plates (Flexcell International Co., Hillsborough, NC, USA). In some
experiments the gels were doped with Alexa Fluor 647 (AF647)-fibrinogen (Invitrogen,
Grand Island, NY, USA). A summary of the composite hydrogel formulations can be seen in
Table 1.

2.3. Ultrasound exposure
A calibrated 3.5 MHz single-element transducer (1.9 cm diameter, 3.81 cm focal length,
A381S, Panametrics, Olympus NDT, Waltham, MA, USA) was used to generate ADV
within the gels. Acoustic pulses generated by the transducer – 10 cycles, 10 ms pulse
repetition period, 12.9 MPa peak compressional pressure (free field), 6.0 MPa peak
rarefactional pressure (free field) – were achieved using a master function generator
(33120A, Agilent Technologies, Palo Alto, CA, USA) gated by a secondary function
generator (3314A, Agilent Technologies). The driving signal was sent to a power amplifier
(60 dB, model 350, Matec Instrument Co., Northborough, MA, USA) and then directly to
the transducer. The general approach to exposing the scaffolds to ultrasound was to fixture
the plate in which the hydrogels were cast at the air–water interface of a 37 °C water bath.
Acoustic pulses were transmitted through the bottom of the plate into each sample. The
transducer was moved to expose the entirety of each gel to ultrasound until vaporization was
complete, as assessed visually by cessation of bubble formation; the typical exposure time
for complete vaporization was ~15 s. No temperature increases were observed in the gels
using the aforementioned exposure setup and acoustic conditions. Sham controls were
placed in the tank for a comparable time but not exposed to ultrasound. To demonstrate
spatial patterning of ADV within the composites, the ultrasound transducer was rastered via
a computer-controlled positioning system at a speed of 1 mm s−1 in a pre-defined pattern.

2.4. Composite morphology
Morphological features of droplet–hydrogel composites before and after ADV were
characterized macroscopically by photography as well as microscopically using transmitted
light and confocal fluorescence. Within 1 h of ultrasound or sham treatment, gels were
rinsed briefly in PBS and mounted on microscope slides in coverwell imaging chambers
with a small volume of PBS. Using an inverted SP5X microscope with a 10× objective,
gross morphological features of the composites were captured by imaging transmitted light
from the 488 nm line of an argon laser (Leica). Ultrastructural features of the fibrin scaffold
were captured by imaging the fluorescence of AF647-tagged fibrinogen that was excited
with the 647 nm line of a supercontinuum white light laser (Leica). Fluorescence images
were captured at 5 μm intervals through 100 μm thick stacks. ImageJ (ver 1.47b, National
Institutes of Health, USA) was used to uniformly adjust the brightness and contrast in
images of transmitted light and to construct maximum projections of the stacks of
fluorescence images.
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2.5. Rheological testing
The mechanical properties of droplet–hydrogel composites were measured by dynamic
torsion tests. Within ~6 h of sham or ultrasound exposures, samples were cut to 8 mm
diameter with a biopsy punch (Miltex, York, PA, USA) and the thickness was measured in
three locations using digital calipers (Mitutoyo, Kawasaki, Japan). Each sample was then
loaded between platens in an AR-G2 rheometer (TA Instruments, New Castle, DE, USA).
The test geometry consisted of an 8 mm diameter upper plate parallel with a temperature-
regulated base plate set to 37 °C. Both surfaces were fit with adhesive-backed waterproof
emery paper (3M, St Paul, MN, USA) to minimize slip. Samples were compressed by 10%
of the initial thickness and allowed to equilibrate for 5 min. The samples were then
subjected to oscillatory shear at 0.1 and 1 Hz with a strain amplitude of 1%. Measurements
of the complex shear modulus (G*) and dissipation factor (i.e., tangent of the phase angle, δ)
reflect the stiffness and viscoelasticity of the materials, respectively.

2.6. In vitro release of bFGF
Gels were prepared as described above except that 0.1 U ml−1 aprotinin from bovine lung
(Sigma–Aldrich) was included. After polymerization, each gel was covered with 1 ml
endothelial basal medium (EBM, ENDO-Basal medium, Angio-Proteomie, Boston, MA,
USA) supplemented with 10 μg ml−1 heparin (Sigma–Aldrich) and 5% fetal bovine serum
(FBS, Hyclone, Thermo Scientific, Logan, UT, USA). Ultrasound and sham treatments were
applied to the scaffolds as described above and then moved to a standard tissue culture
incubator. Every 24 h for 6 days, 50% of the medium was collected and replaced with fresh
medium. After 5 days, sham controls were exposed to ultrasound to evaluate the potential
for delayed release of bFGF. The concentration of bFGF in the releasates was measured by
ELISA.

To assess the bioactivity of bFGF released through ADV, a portion of each releasate was
applied to monolayer cultures of human umbilical vein endothelial cells (HUVECs, Angio-
Proteomie). The cells were initially plated at 1.25 × 104 cells cm−2 in a 96-well dish in
endothelial growth medium (EGM, ENDO-Growth medium, Angio-Proteomie). After 24 h,
the medium was replaced with EBM supplemented with 5% FBS and the next day the cells
were treated with releasates from the droplet–hydrogel composites. Control cultures were
treated with 0–5 ng ml−1 bFGF in EBM with 5% FBS and 10 μg ml−1 heparin. Every 24 h
the medium was replaced with 100 μl of releasate collected that day (i.e. 10% of the total
collected volume). After 5 days the metabolic activity of the cultures was assessed by the
alamarBlue assay (Invitrogen) according to the manufacturer’s instructions. Briefly, the cells
were incubated with 10% (v/v) alamarBlue reagent in EBM for 2.5 h, and the fluorescence
(λex: 550 nm/λem: 590 nm) of the supernatants was measured in a Spectramax Gemini plate
reader (Molecular Devices, Sunnyvale, CA, USA).

2.7. Viability of co-encapsulated cells and cell-mediated fibrinolysis
Droplet–hydrogel composites were prepared as described above except that either 1.25 ×
105 HUVECs or cells of the mouse multipotent line C3H10T1/2, clone 8 (ATCC, catalog
number CCL-226, Manassas, VA, USA) were co-encapsulated in each of the 0.5 ml gels
along with 0%, 1% or 5% (v/v) double emulsion and 9.4 μg (5 mg ml−1 fibrin) or 18.8 μg
(10 mg ml−1 fibrin) AF647-fibrinogen. These two cell populations were selected to assess
any cell type-specific responses to ADV in the composites. In order to isolate the effects of
ADV on cell viability, sham (i.e., without bFGF) emulsion was used for the composites.
After polymerization, the gels were covered with 1 ml EGM for HUVECs or DMEM with
penicillin/streptomycin and 10% FBS for C3H10T1/2 cells. A subset of the cell–gel
constructs were then exposed to sham or ultrasound treatment as described above and placed
in an incubator under standard cell culture conditions (37 °C, 5% CO2, 95% relative
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humidity). After 48 h, the conditioned medium was collected and portions were assayed for
AF647 fluorescence (λex: 620 nm /λem: 690 nm), using a Spectramax Gemini plate reader,
as an indicator of cell-mediated fibrinolysis. Some constructs were incubated for 2.5 h in
10% (v/v) alamarBlue reagent, and the supernatants were assayed for fluorescence of the
metabolized product as described above. Separate constructs were used for live/dead
staining. The constructs were incubated for 1 h at 37 °C with 5 μM 5-
chloromethylfluorescein diacetate (“Live” stain: CMFDA, Invitrogen) and 10 μg ml−1

propidium iodide (“Dead” stain: PI, Invitrogen) diluted in DMEM with 10% FBS. The
constructs were washed twice with PBS for 15 min at 37 °C and then mounted on
microscope slides in coverwell imaging chambers. Images of CMFDA- and PI-labeled cells
and AF647-labeled fibrin were captured with an SP5X microscope and a 10× objective.

2.8. Fibrinolysis with plasmin
In order to assess the effects of droplets and ADV on enzymatic degradation of the fibrin
hydrogel, we conducted experiments with cell-free constructs incubated with plasmin. Gels
were prepared as described above except with 15 μg AF647-fibrinogen added to each 0.5 ml
gel. After polymerization, gels were treated with sham or ultrasound exposures and then
overlaid with DMEM supplemented with 2.5 μg ml−1 human plasmin (Sigma–Aldrich) and
incubated at 37 °C. Aliquots of the DMEM were taken at various time points and analyzed
for AF647 fluorescence, as described above.

2.9. Statistics
Data are expressed as the mean ± standard deviation of 3–5 samples per experimental group.
ELISA and fluorescence assays were performed in duplicate or triplicate and averaged for
each sample. Analysis of variance (ANOVA) was used to establish the significance between
experimental groups. The Tukey–Kramer method, evaluated in MATLAB (The MathWorks
Inc., Natick, MA, USA), was used to determine statistically significant differences between
multiple groups, with differences deemed significant for p < 0.05.

3. Results
3.1. Characterization of emulsion

Fig. 1 displays a micrograph of the double emulsion structure used to encapsulate bFGF. For
clarity, a relatively large droplet is shown, though smaller droplets exhibited similar double
emulsion structures. The mean outer droplet diameter was 4.1 ± 0.3 μm with 0.7% (by
number) and 87.3% (by volume) of the double emulsion droplets greater than 100 μm (Fig.
2). No differences in emulsion structure or particle size were observed when comparing
sham emulsions vs. emulsions containing bFGF or fluorescein in the W1 phase. Analysis of
the supernatant indicated that >99% of bFGF remained encapsulated in the emulsion after
washing.

3.2. Morphology of droplet–hydrogel composites
As seen macroscopically in Fig. 1 (inset), bubbles can be spatially patterned within the
composite scaffold by rastering a focused ultrasound transducer (−6 dB lateral beam width:
0.8 mm). For a 10 mg ml−1 gel with 5% (v/v) emulsion, the lateral and axial dimensions of
the bubble cloud (i.e. opaque features) were 0.8 mm and 3–4 mm, respectively. For a range
of fibrin densities and emulsion volume fractions (Table 1), we used transmitted light and
confocal fluorescence microscopy to characterize droplet- and ADV-induced changes in the
ultrastructure of fibrin scaffolds (Fig. 3). Control gels lacking droplets exhibited a nearly
homogeneous distribution of AF647-fibrinogen and few structures visible by transmitted
light; we found no differences in scaffold morphology between ultrasound-exposed and
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sham controls (not shown). Composite gels containing 1% or 5% emulsion exhibited
numerous round opacities in the transmitted light images and gaps in the fluorescence,
indicating that the fibrin polymerized around the droplets. Exposure of the composite gels to
ultrasound induced vaporization of the emulsion and the generation of bubbles/pores ranging
in size from tens of microns to millimeters in diameter. Fluorescence images revealed a
consolidation of the fibrin at the margins of these bubbles, as indicated by an elevated
fluorescence intensity in those regions. Qualitatively, droplets in the 5 mg ml−1 fibrin
scaffolds yielded larger bubbles than in the 10 mg ml−1 scaffolds, and there were fewer
unvaporized droplets following ultrasound exposure in the lower density fibrin. In contrast
to the gels with 1% emulsion, gels with 5% emulsion appeared to establish an
interconnected network of bubbles/pores. These results show that ADV can be used to
introduce bubbles and thereby modify the ultrastructure of droplet–hydrogel composites.

3.3. Mechanical properties of droplet–hydrogel composites
Dynamic shear tests demonstrated that ADV caused dramatic increases in the stiffness of
acoustic droplet–fibrin composites. The addition of emulsion without exposure to ultrasound
did not change the shear properties of the composite for any of the formulations examined.
But after exposure to ultrasound and vaporization of the emulsion, the droplet–hydrogel
composite scaffolds exhibited substantial and statistically significant increases in the
complex shear modulus, ∣G*∣, compared to sham-treated controls (Fig. 4A). In the lower
density fibrin gels, vaporization of 1% emulsion increased the shear stiffness by ~300% and
vaporization of 5% emulsion increased the shear stiffness by 1600–2100%. The higher
density fibrin gels exhibited less robust increases in shear properties, with vaporization of
1% emulsion increasing stiffness by ~50% and vaporization of 5% emulsion increasing the
stiffness by ~500% over sham controls. These increases were evident at both 0.1 and 1 Hz
test frequencies. The increases in shear stiffness following ADV were also generally
accompanied by increases in tan δ, which is an indicator of the viscoelasticity of the
material. Higher values of tan δ indicate a more dissipative mechanical response. For 5 mg
ml−1 fibrin with 1% emulsion and 10 mg ml−1 fibrin with either 1% or 5% emulsion, the
ADV-induced increases in tan d were statistically significant (Fig. 4B). These results show
that ADV can be used to modify the mechanical properties of droplet–hydrogel composites.

3.4. ADV-triggered release of bFGF from acoustic droplets
Fig. 5 shows that droplet–hydrogel composites exposed to ultrasound released significantly
more bFGF than sham-treated controls, with peaks in release occurring between days 2 and
3. Low levels of release from sham controls were detected throughout the experiment and
were independent of fibrin density. After exposure to ultrasound on the fifth day, the day 6
rates of release of sham controls with 5% emulsion were significantly greater than on day 5,
indicating that a “delayed release” could be induced by delaying ADV. Ultrasound-treated 5
mg ml−1 fibrin gels with 5% emulsion released ~50 ng of bFGF over 6 days, or ~39% of the
total bFGF initially loaded in each gel whereas ultrasound-treated 10 mg ml−1 fibrin gels
with 5% emulsion released ~20% of the initial bFGF. For 5 mg ml−1 fibrin gels with 1%
emulsion, ultrasound-treated samples released 2.5-fold more bFGF than sham controls over
the first 5 days of the experiment. Five times more bFGF was released from ultrasound-
treated samples than controls for 5 mg ml−1 fibrin gels with 5% emulsion. For both doses of
emulsion in 10 mg ml−1 fibrin, the ultrasound-induced increases in bFGF were
approximately 2-fold higher than the respective sham controls. These data demonstrate that
droplet–hydrogel composites can provide controlled release of a growth factor in vitro.

The bioactivity of bFGF released by ADV in droplet–hydrogel composites was evaluated by
culturing HUVECs with the releasates from the release study. This approach was based on
the premise that bioactive bFGF would increase the metabolic activity of the cell cultures by
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promoting survival and/or stimulating proliferation. After 5 days of treatment, we found that
HUVECs treated with releasates from ultrasound-exposed droplet–hydrogel composites
exhibited significantly higher metabolic activities than their respective sham controls for 5
mg ml−1 fibrin with 1% (92% increase) or 5% emulsion (48% increase) and 10 mg ml−1

fibrin with 1% (49% increase) or 5% droplets (39% increase) (Fig. 6). These results show
that bFGF released by ADV is functional and bioactive.

3.5. Responses of cells to droplet–hydrogel composites
The viability of two cell types, primary HUVECs and the C3H10T1/2 mesenchymal
progenitor line, cultured in sham- and ultrasound-treated droplet–hydrogel composites, was
evaluated quantitatively by metabolic assay and qualitatively by live/dead staining and
confocal fluorescence microscopy. After 48 h of in vitro culture, we detected few
differences in the metabolic activity between groups. In HUVEC cultures, there were
modest but statistically significant increases in the metabolic activity of 10 mg ml−1 fibrin
gels with 0% or 1% droplets treated with ultrasound compared to sham controls (Fig. 7A).
These differences were not detected in analogous C3H10T1/2 cultures (Fig. A1.A).

The release of AF647-fibrinogen from gels containing either HUVECs or C3H10T1/2 cells
is displayed in Fig. 7B and Fig. A1.B, respectively. We detected several significant, but
modest, differences in the release of AF647 between various groups. For 5 mg ml−1 fibrin
gels containing HUVECs, ultrasound treatment caused a 7.9% and 12.5% decrease in
released fibrinogen concentration for scaffolds with 1% and 5% emulsion, respectively.
Similarly, ultrasound caused decreases of 11.1% and 14.7% for the 5 mg ml−1 gels
containing HUVECs with 1% and 5% emulsion, respectively, compared to 0% emulsion
sham controls. In gels containing C3H10T1/2 cells, the largest difference in fibrinogen
release was a 7.9% decrease in 5 mg ml−1 fibrin with 5% emulsion and ultrasound treatment
compared to sham controls with 0% emulsion. No differences were detected for either cell
type in 10 mg ml−1 fibrin gels. Thus vaporization of droplets can in some cases slightly
reduce cell-mediated release of fibrin in vitro.

Fig. A2 shows representative release profiles of AF647 fibrinogen from cell-free gels
incubated with plasmin. No statistically significant differences (p > 0.05) were observed
between gels without emulsion, with 1% or 5% emulsion and with 1% or 5% emulsion and
ultrasound treatment (data for 1% emulsion not shown). These data indicate that neither the
introduction of droplets nor the vaporization of droplets within the fibrin alters the
susceptibility of the fibrin to degradation by exogenous proteases.

Confocal microscopy of live/dead-stained constructs confirmed the results of the metabolic
assays. For HUVECs in 5 mg ml−1 fibrin composites, regardless of treatment group, 80–
90% of cells were positive for CMFDA labeling (i.e. CMFDA+) and negative for PI labeling
(i.e. PI−) after 48 h of culture (Fig. 7C). Although there appeared to be modest decreases in
CMFDA labeling in ultrasound-treated constructs compared to sham controls, these
differences did not reach statistical significance. Similar results were obtained with 10 mg
ml−1 fibrin gels and C3H10T1/2 populated constructs (data not shown). Both CMFDA+ and
PI+ cells were detected in close proximity to the margins of ADV-generated bubbles and
pores. These results show that neither the droplet–hydrogel composites nor the ADV process
generated statistically significant differences in cell viability.

4. Discussion
Sonosensitive emulsions and microbubbles have been studied extensively in the fields of
diagnostic and therapeutic ultrasound, typically for contrast-enhanced imaging, intravascular
delivery, and applications in cancer treatment [41,52,53]. The potential for these vehicles to
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be applied in tissue regeneration is relatively unexplored. Microbubbles have been used as
porogens [54,55] and carriers of growth factors [45] in the fabrication of scaffolds for tissue
engineering, although the functions of microbubbles in these applications did not involve
exposure to ultrasound. Liposome–microbubble–hydrogel composites treated with low
frequency (20 kHz) ultrasound exhibited cavitation-based release of a model payload from
the liposomes and afforded impressive control of release kinetics [56], but it is unclear how
the cavitation required for release will affect the bioactivity of a therapeutic payload or the
viability of invading cells. In addition, the use of low frequency ultrasound limits the spatial
resolution of the release. Previously, we have shown that ultrasound in the range of 1–10
MHz can enhance the release of a protein-based therapeutic (thrombin) from a PFC double
emulsion for intravascular delivery [32]. Similar PFC emulsions, without a therapeutic
payload, are well-tolerated in the circulation of large animal models at doses up to ~108

droplets kg−1 [57]. Since ultrasound in the megahertz frequency range is used to trigger
ADV, release of a therapeutic payload can be localized to a volume on the order of cubic
millimeters. Here we describe novel composite materials that incorporate sonosensitive
droplets, loaded with an angiogenic growth factor, in a biodegradable hydrogel scaffold. We
demonstrate selective, ultrasound-induced release of the growth factor and alteration of
scaffold properties.

Exposure of acoustic droplet–hydrogel composites to ultrasound readily induced the
formation of bubbles in all of the formulations examined. Interestingly, bubble number and
size appeared to be inversely related to fibrin density, suggesting that formation and growth
of the bubbles can be reduced by increasing the stiffness of the surrounding hydrogel. This
observation is consistent with the finding that the acoustic pressure threshold for
vaporization of PFC emulsions increases with the viscosity of the surrounding medium [58].
The vaporization threshold is also dependent on droplet size, where large droplets are
expected to vaporize more readily than small droplets. Indeed, for both densities of fibrin
tested, we observed an unvaporized fraction of droplets following ultrasound exposure that
was comprised primarily of smaller (<20 μm diameter) droplets, indicating that these
droplets were exposed to acoustic pressures that were below their ADV thresholds. As
expected, increasing the volume fraction of droplets in the composites increased the number
of bubbles formed following exposure to ultrasound but did not appear to otherwise
influence ADV. Although not observed in these studies, it is possible that at higher droplet
concentrations acoustic “shadowing” will occur in which ADV-generated bubbles scatter
incoming ultrasound energy and block the vaporization of droplets in the far field [59].
Quantitative studies of bubble formation and growth are required to verify the qualitative
observations made here, but our findings are consistent with theory and previous
experiments demonstrating that ADV thresholds can be “tuned” through modulation of
droplet size and material properties of the surrounding medium.

ADV-generated PFC bubbles may provide a structural template for increasing the pore size
of the fibrin scaffold. A wide range of pore sizes within a scaffold can be conducive for a
variety of regenerative processes, such as fibroblast ingrowth (5–15 μm) or rapid
vascularization (>500 μm) [60]. In the presented in vitro studies, most of the bubbles
examined by transmitted and fluorescence microscopy remained filled with gas, although
some bubbles (typically at the surfaces of the gels) were filled with fluid, indicating that the
PFC gas had escaped. Many bubbles were clustered together and exhibited breaches in the
fibrin scaffold between adjacent bubbles, indicating that formation of a semi-continuous
pore network is possible with ADV. Although retention of PFC may be useful in some
scenarios (e.g. delivery of dissolved oxygen within a thick construct [61]), gas-filled bubbles
present barriers to cellular invasion and transport of nutrients. Clearance of PFC gas from
the composite materials in vivo will depend on initial proximity to a vascular supply and
subsequent invasion during angiogenesis. We speculate that gas exchange in the bubbles for

Fabiilli et al. Page 9

Acta Biomater. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



interstitial fluid will establish a fluid-filled pore network that is more amenable to solute
transport and vascular invasion than pre-ADV composites or bubble-filled composites post-
ADV. Future studies designed to assess the in vivo fate and local bioeffects of ADV-
generated PFC gas are required to address this issue.

ADV increased the stiffness of acoustic droplet–hydrogel composites. The results of
dynamic torsion tests showed that the complex shear modulus increased several fold, in an
emulsion dose-dependent fashion, following exposure to ultrasound for the two densities of
fibrin we examined. A previous study demonstrated that the inclusion of microbubbles
within a hydrogel scaffold increased the elastic modulus [56]. The increases in stiffness after
ADV may be attributed, in part, to the consolidated fibrin at the margins of the bubbles.
During ADV, the PFC phase of the droplets undergoes a substantial volume expansion
(~150-fold in water) [27] that in the composites is partially resisted and partially dissipated
by the fibrin scaffold. The pressure in the bubble is sufficient to deform the fibrin such that
the network is consolidated in the radial direction (with respect to the bubble) and stretched
in the circumferential direction. Fibrin exhibits robust strain-stiffening behavior in which the
storage modulus increases up to 40-fold over the range of 10–40% shear strain [62,63]. It is
likely that the local increase in fibrin stiffness associated with the circumferential stretch
imparted by the bubbles contributes to the increases in bulk modulus for ultrasound-treated
composites. Ultrasound-treated droplet–hydrogel composites also exhibited, in general,
higher dissipation factors (tan (δ)) than their respective sham-treated control gels. The
sources of the more viscous mechanical responses are unclear but might include drag
associated with the gas–liquid interface, bubble rearrangement or added molecular-level
relaxations in the fibrin network due to the applied stretch. Collectively, these ADV-induced
changes in hydrogel mechanical properties may have utility in directing the behavior of cells
entrapped within, or migrating into, the composite materials. Previous studies have
demonstrated that mesenchymal progenitors are sensitive to both the elastic modulus [18]
and loss (viscous) modulus [64] of their substrate. In addition, spatially restricted changes in
scaffold mechanics may be induced through targeted application of ultrasound for the
generation of graded constructs such as osteochondral interfaces.

Ultrasound caused significant increases in the amount of bFGF released from the growth-
factor-loaded composite scaffolds. A larger differential release (i.e. sham vs.+US) was
observed from the 5 mg ml−1 gels than the 10 mg ml−1 gels, which is consistent with the
observation that more unvaporized emulsion remained in the higher fibrin density gels after
ultrasound exposure. For the release study, the ultrasound propagation path was through the
bottom of a polystyrene well dish, which has an acoustic attenuation of ~4.5 dB cm−1

MHz−1 [65]. The use of a more acoustically transparent exposure window (ex. ~ 0.7 dB
cm−1 MHz−1 for a silastic-bottomed BioFlex plate [65]) could minimize the amount of
unvaporized emulsion. By comparison, we measured the attenuation coefficient of the 10
mg ml−1 fibrin scaffolds with 0% emulsion to be in the range of 0.04–0.14 dB cm−1 MHz−1,
which is lower than the attenuation of soft tissue (0.2–0.5 dB cm−1 MHz−1) [66].

The release of bFGF in the absence of ultrasound is attributed to two potential mechanisms:
(1) the diffusion of bFGF from the W1 phase into the surrounding gel medium in the
absence of droplet vaporization and (2) spontaneous vaporization of the PFC phase of the
emulsion. Some spontaneous vaporization of the emulsion was observed in sham gels during
the 6-day incubation period, suggesting that the boiling point elevation experienced by the
PFP double emulsion is different from that experienced by single PFP emulsions [36,37].
Spontaneous vaporization could be minimized by using a PFC with a higher boiling point or
by minimizing the fraction of large PFP droplets, which are more likely to spontaneously
vaporize [37]. Increasing the density/stiffness of the hydrogel may also establish less
permissive conditions for spontaneous vaporization. Despite low levels of spontaneous
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vaporization, exposure of the sham controls to ultrasound at day 5 caused a statistically
significant increase in the amount of bFGF released on day 6. Thus, acoustic droplet–
hydrogel composites can function as “on-demand” growth factor delivery vehicles, with
focused or unfocused ultrasound serving as the non-invasive stimulus for release.

Release of bFGF from 10 mg ml−1 fibrin composites was slower and cumulatively lower
than that from 5 mg ml−1 gels. As described above, this may be attributed in part to a higher
ADV threshold in the denser gels, which would reduce the number of vaporizable droplets
and bFGF available for release upon exposure to a given ultrasound stimulus. Fibrin
scaffolds exhibit density-dependent transport properties as well, as evidenced by a two-to
three-fold reduction in effective diffusion coefficient for an increase in fibrin density from
2.5 mg ml−1 to 10 mg ml−1 [67]. Fibrin can also bind bFGF [68], however, and since the
number of binding sites increases with fibrin density, such diffusion-limiting interactions are
expected to have a greater effect in the 10 mg ml−1 fibrin gels than in the lower density
fibrin. In the context of therapeutic angiogenesis, retention of ADV-released bFGF within
the hydrogel may be useful for establishing chemotactic gradients, and bFGF-fibrin
complexes provide a higher proliferative stimulus to endothelial cells than bFGF alone [69].
Alternatively, hydrogel scaffolds with lower protein affinities (e.g. polyethylene glycol) and/
or more open pore structures may be used in place of fibrin to permit complete release of the
payload carried by the acoustic droplets.

Under certain acoustic conditions, ultrasound has been shown to alter the structure and
function of solubilized proteins [70,71]. Fig. 6 demonstrates that bFGF released by ADV is
functionally bioactive. Computing the bioactivity of released bFGF relative to the amount of
bFGF initially loaded into the emulsion is not straight-forward with this dataset. However,
based on the metabolic activities of cell cultures treated with known concentrations of bFGF
and the measured concentrations of bFGF in the releasates, we estimate relative bioactivities
of 13–48%, thus indicating that some bioactivity of the growth factor is lost upon either
emulsion preparation and/or vaporization. If the reduction in bioactivity is due to effects
caused by inertial cavitation, which is the rapid growth and violent collapse of a gas bubble,
then ADV could be generated with a higher frequency transducer [72] or shorter pulses [73].
Since the acoustic threshold for ADV is inversely related to frequency [74], the use of a
higher frequency transducer would permit the use of lower pressures while also having
increased spatial resolution, though at the cost of penetration depth.

A previous study demonstrated that ADV occurring adjacent to adherent cells, within culture
medium, caused cell detachment and potentially cell death [31]. This is likely due to the
elevated fluid velocities and shear forces generated during the conversion of the liquid PFC
droplets into microbubbles [39]. In contrast, ADV of emulsion contained with the droplet–
hydrogel composite did not affect viability of two different cell types and only caused slight
reductions in cell-mediated release of AF647-labeled fibrin in vitro at a density of 5 mg
ml−1. Thus, it appears that fibrin gels inhibit cytotoxic effects stemming from ADV, with the
inhibition related to gel density. The mechanisms by which the hydrogel component of the
composites limits ADV-induced cytotoxicity were outside the scope of the current study, but
warrant further investigation, including determining the occurrence of inertial cavitation. For
some conditions, ultrasound stimulated the metabolic activity of HUVECs within the
scaffolds, which is consistent with previous findings [75,76]. These results suggest that the
acoustic droplet–hydrogel composites are also suitable carriers for populations of cells that
can participate in regenerative processes such as angiogenesis. Future studies will examine
the potential for ADV to regulate phenotypic changes (e.g. differentiation) in cells
suspended in these composites and in adjacent tissue.
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5. Conclusions
The results of this study demonstrate the potential for acoustic droplet–hydrogel composites
to function as drug delivery vehicles as well as modifiers of scaffold architecture and
mechanical properties. Through the application of focused ultrasound, release of growth
factors or other regenerative factors from these materials may be triggered “on-demand” in
non-invasive and spatially and temporally restricted manners. ADV-released growth factor
was bioactive, and the viability of cells encapsulated within the composites was not affected
by ADV. Collectively, our results suggest that this novel platform will have tremendous
utility in tissue engineering and regeneration. The formulations presented in these studies are
amenable to injection at sites of injury, and future studies are aimed at characterizing the in
vivo performance of these materials.
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Fig. 1.
Schematic representation of drug release by ADV in a hydrogel scaffold. Bottom: A water-
in-PFC-in-water (W1/PFC/W2) double emulsion, containing a growth factor in the W1
phase, is encapsulated within the scaffold. Upon exposure to acoustic amplitudes greater
than the ADV threshold of the emulsion, the PFC within the droplets is vaporized, thus
releasing the W1 phase. Top left: confocal fluorescence image (fluorescein, shown in green)
of a PFC double emulsion droplet (scale bar = 10 μm). Smaller aqueous droplets, containing
a water-soluble payload such as fluorescein or bFGF, are enveloped by a larger PFC
globule. Top right: visible image of a 10 mg ml−1 fibrin gel containing 5% (v/v) double
emulsion after targeted exposure to ultrasound. The “block M” consists of gas bubbles
generated by ADV. Scale bar = 4 mm.
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Fig. 2.
Number and volume-weighted size distributions of a PFC double emulsion containing
bFGF. Droplets were sized using a Coulter counter within 2 h of preparation.
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Fig. 3.
Morphologies of droplet–hydrogel composites with and without exposure to ultrasound
(US). Representative images of transmitted light (488 nm, shown in grayscale) and
maximum projections from 100 μm stacks of confocal fluorescence images (AF647-
fibrinogen, shown in red) depict ADV-induced changes in scaffold architecture for 5 mg
ml−1 and 10 mg ml−1 fibrin hydrogels doped with 0%, 1% or 5% (v/v) double emulsion.
Panels at left show the morphology of fibrin hydrogels without droplets that were exposed to
ultrasound; sham controls appeared similar. Due to the curved surfaces of the samples, we
observed gradients in the intensity of transmitted light for the hydrogels without emulsion.
Scale bars = 200 μm.
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Fig. 4.
Mechanical properties of droplet–hydrogel composites with and without exposure to
ultrasound (US). Oscillatory torsional shear tests (1% strain magnitude at 0.1 and 1.0 Hz)
were used to measure the complex shear modulus ∣G*∣ (A) and dissipation factor tan (δ) (B)
of the materials within ~6 h of sham or US treatment. Data are shown as mean± (B) of the
materials win = 5. #p < 0.05 vs. sham controls.
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Fig. 5.
ADV-induced release of bFGF from droplet–hydrogel composites.+US groups were
exposed to ultrasound at the start of the experiment (i.e. time = 0 days) and shams were
exposed to ultrasound after collection of releasate on day 5. Cumulative release profiles are
shown in (A) and (B). Blue series indicate 5 mg ml−1 fibrin and black series indicate 10 mg
ml−1 fibrin. Data are shown as mean ± standard deviation for n = 5. $p < 0.05 for 5 mg ml−1

fibrin + US vs. sham control. #p < 0.05 for 10 mg ml−1 fibrin + US vs. sham control. For
sham controls with 5% emulsion (for both 5 mg ml−1 and 10 mg ml−1 fibrin) treated with
ultrasound at day 5, rates of release were found to be significantly higher at day 6 compared
to projected values computed using the 95% confidence interval of the slope between days
1–5.
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Fig. 6.
Metabolic activity of HUVECs after 5 days of incubation with releasates from droplet–
hydrogel composites. Cells were incubated with releasates collected that day. Data are
shown as mean ± standard deviation for n = 5. $p < 0.05 vs. sham control. Inset shows
activity of HUVECs treated with known concentrations of bFGF.
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Fig. 7.
Effects of ultrasound (US) exposure on HUVECs in droplet–hydrogel composites. The
metabolic activity (A) and release of AF647 fibrinogen (B) from HUVEC composites were
measured 2 days after ADV. Data are shown as mean ± standard deviation for n = 5
(metabolic activity) and n = 4 (release). #p < 0.05 vs. sham control. CMFDA (blue)/PI
(green) labeling of HUVECs in 5 mg ml−1 fibrin constructs demonstrates proximity of
viable cells to bubbles formed by ADV (C). The percentage of viable cells (mean ± standard
deviation; n = 3) for each condition is given in the upper right. The right column displays
zoomed-in panels from the center column (denoted by the boxed regions). Viable (white
arrows) and necrotic cells (yellow arrows) are observed adjacent to the bubbles. Scale bars =
200 μm.
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Table 1

Composition of droplet–hydrogel scaffolds.

Composite formulation

Fibrin (mg ml−1) Emulsion (% v/v) bFGF (ng ml−1) PFP (mg ml−1)

5 0 0 0

5 1 51.3 3.3

5 5 256.4 16.7

10 0 0 0

10 1 51.3 3.3

10 5 256.4 16.7

The concentrations of bFGF and PFP are expressed per gel volume. The thrombin concentration was similar for all formulations (2 U ml−1).
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