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Abstract

Spatiotemporally controlled release of growth factors (GFs) is critical for regenerative processes
such as angiogenesis. A common strategy is to encapsulate the GF within hydrogels, with release
being controlled via diffusion and/or gel degradation (i.e., hydrolysis and/or proteolysis).
However, simple encapsulation strategies do not provide spatial or temporal control of GF
delivery, especially non-invasive, on-demand controlled release post implantation. We previously
demonstrated that fibrin hydrogels, which are widely used in tissue engineering and GF delivery
applications, can be doped with perfluorocarbon emulsion, thus yielding an acoustically
responsive scaffold (ARS) that can be modulated with focused ultrasound, specifically via a
mechanism termed acoustic droplet vaporization. This study investigates the impact of ARS and
ultrasound properties on controlled release of a surrogate payload (i.e., fluorescently-labeled
dextran) and fibrin degradation /n vitroand in vivo. Ultrasound exposure (2.5 MHz, peak
rarefactional pressure: 8 MPa, spatial peak time average intensity: 86.4 m\W/cm?), generated up to
7.7 and 21.7-fold increases in dextran release from the ARSs in vitro and in vivo, respectively.
Ultrasound also induced morphological changes in the ARS. Surprisingly, up to 2.9-fold greater
blood vessel density was observed in ARSs compared to fibrin when implanted subcutaneously,
even without delivery of pro-angiogenic GFs. The results demonstrate the potential utility of ARSs
in generating controlled release for tissue regeneration.
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1. Introduction

Fibrin hydrogels are biomaterials that are commonly used in tissue engineering as a
foundational matrix for tissue fabrication [1-3]. These hydrogels are formed via the
enzymatic polymerization of fibrinogen in the presence of thrombin [4] and have many
biological advantages versus other hydrogels. Fibrin plays a role in natural wound healing
and can be derived from a patient’s own blood for the fabrication of autologous hydrogel
scaffolds [5]. In addition, being a native protein based biomaterial, enzymatic degradation of
fibrin hydrogels occur over time with minimal inflammatory response. The viscoelastic
properties of fibrin based implants are relatively low compared to other biomaterials [6],
which helps facilitate cellular migration and proliferation into the hydrogel.

Fibrin hydrogels can be seeded with cells and/or other molecular payloads — such as
proteins, genes, or drugs - that aid in tissue regeneration [7]. In a conventional fibrin matrix,
passive diffusion of the entrapped payload yields a burst release [8]. This limits the ability to
sustain release of the payload, unless the payload-scaffold affinity is increased (e.g.,
modification of fibrin using bioactive peptides [9]) or the payload diffusivity is decreased
(e.g., incorporation of heparin [10-12], alteration of crosslinking [13, 14]). Another method
of limiting payload diffusivity is by encapsulating the payload into colloidal particles - such
as liposomes, polymeric spheres, or emulsions — which are then incorporated into fibrin [15].
However, payload release from these fibrin-colloid composites is still dominated by
endogenous processes such as particle and/or scaffold degradation as well as payload
diffusion.

During endogenous tissue regeneration, expression of bioactive molecules (e.g., growth
factors (GFs)) is regulated both spatially and temporally [16, 17]. This has motivated the
development of scaffolds where payload release can be modulated spatiotemporally. Control
of payload release has been realized by designing particles that release payload in response
to an externally modulated stimulus — such as light, electricity, magnetic fields, temperature
— or microenvironmental factors like pH and enzymatic activity [10, 11, 18-24]. These active
scaffolds (e.g., hydrogels that contain stimulus-responsive particles) and the means of
interacting with them (i.e., modulating stimulus) provide increased control over the
biochemical and mechanical microenvironment within the hydrogel. However, clinical
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translation of these active scaffolds has been hindered by issues related to biocompatibility,
biodegradability, spatiotemporal targeting of the modulating stimulus, or penetration of the
stimulus into the body [25, 26].

Ultrasound (US), in conjunction with sonosensitive particles, has been studied as a means of
interacting with active scaffolds to achieve both spatial and temporal control exogenously
[27, 28]. US can be applied non-invasively, focused with sub-millimeter precision, and reach
deeply located implants. US-sensitive hydrogels can be fabricated by doping the scaffold
with sonosensitive emulsions or microbubbles, the latter of which are used clinically for
contrast enhanced US imaging [27, 29]. Possessing greater stability than microbubbles,
sonosensitive emulsions are composed of nano- or micron-sized droplets, contain a liquid
perfluorocarbon (PFC) core, and are stabilized by a surfactant shell. PFC emulsions
typically contain perfluoropentane (CsF15, 29°C boiling point) or perfluorohexane (CgF14,
56°C boiling point) as the dispersed phase and are used because of their biocompatibility
and inertness, a general characteristic of PFCs. In addition, sonosensitive emulsions can be
formulated as double emulsions such that a payload, like a GF, is encapsulated within their
inner aqueous phase [30-32]. Upon exposure to US, the PFC phase within each droplet of
the emulsion vaporizes into a gas bubble in a process known as acoustic droplet vaporization
(ADV) [33], thus releasing the encapsulated payload to the surrounding environment.
Acoustically-responsive scaffolds (ARSs), comprising fibrin scaffolds doped with
sonosensitive emulsion, are highly tunable since emulsion (e.g., structure, size), scaffold
(e.g., density, geometry), and US properties (e.g., frequency, amplitude) can be easily
modified [34]. Compared to approaches using unfocused, low-frequency (i.e., 20 kHz) US
[35, 36], the use of focused, high frequency (i.e., > 1 MHz) US to trigger ADV and payload
release from an ARS could enable higher spatial resolution, even within deeply-located
implants.

We have previously characterized the acoustic mechanisms occurring in ARSs [34].
Additionally, we demonstrated, in a proof-of-concept /in vitro study with ARSs, that US can
control the release of GF (i.e., basic fibroblast growth factor), where bioactivity of the
released GF was confirmed using a cellular metabolic assay [27]. This work builds upon
these previous publications and focuses on the impact of ARS composition — including
varying types of PFCs (i.e., CsF12, CgF14, and an ad-mixture) and emulsion size distribution
- and US properties (i.e., pressure, US dose, pulse repetition frequency, and time of initial
exposure) on the controlled release of a surrogate payload (i.e., dextran) using /n vitroand in
vivomodels. In addition, this current study investigates the scaffold degradation of the ARSs
in vitro and in vivo, as well as scaffold morphology and vascular in-growth for ARSs.

2. Materials and Methods

2.1 Double Emulsion Preparation and Characterization

Double emulsions with a water-in-PFC-in-water (W1/PFC/W,) structure were prepared by
modifying a previous method [30]. Briefly, a triblock fluorosurfactant, consisting of Krytox
157FSH (CAS# 51798-33-5, DuPont, Wilmington, DE, USA) and polyethylene glycol
(MW: 1000, CAS#: 24991-53-5, Alfa Aeser, Ward Hill, MA USA), was dissolved in 1g of
perfluorocarbon (PFC) at 2% (w/w). The PFC phase consisted of perfluoropentane
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(subsequently referred to as “Cs”, CAS#: 678-26-2, Strem Chemicals, Newburyport, MA
USA), perfluorohexane (subsequently referred to as “Cg”, CAS#: 355-42-0, Strem
Chemicals), or a 1:1 (w/w) Cs5:Cg admixture. The PFC solution was then combined, in a 2:1
volumetric ratio, with an aqueous solution of Alexa Fluor 680-labeled dextran (MW: 10,000
Da, Life Technologies, Grand Island, NY USA) reconstituted at 0.625 mg/mL in Dulbecco's
Phosphate-Buffered Saline (DPBS, Life Technologies). This concentration of dextran was
chosen to prevent self-quenching of the fluorophore. The phases were sonicated (CL-188,
QSonica, LLC, Newton, CT USA) for 30 seconds while on ice. The resulting primary
emulsion, with a water-in-PFC (W/PFC) structure, was added drop wise to a solution of 50
mg/mL Pluronic F68 (CAS# 9003-11-6, Sigma-Aldrich, St. Louis, MO USA) 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). Emulsions with “large” and “small” droplet
distributions were processed at ~7.9 KRPM and ~29.9 kRPM, respectively. Blank emulsions
were prepared as described above with only DPBS as the W1 phase.

Emulsions were stored at 5°C for 30 minutes and characterized with a Coulter Counter
(Multisizer 4, Beckman Coulter, Brea, CA USA) in the range of 1-30 um. The encapsulation
efficiency of the emulsions, defined as the amount of dextran encapsulated in the emulsion
divided by the amount of dextran initially loaded into the emulsion, was determined by
breaking diluted emulsion in a vacuum oven (23°C, Isotemp Vacuum Oven Model 282A,
Pittsburgh, PA USA). The ADV threshold of each emulsion formulation was determined
using a previously described method [34]. The structure, composition, and physical
parameters of all double emulsion formulations used in this study are listed in Table 1.

2.2 ARS Fabrication

ARSs were prepared using 10 mg/mL clottable protein by first combining bovine fibrinogen
(Sigma-Aldrich, 75% total protein, 96% clottable protein) - dissolved in degassed (36% O
saturation) Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies) - with bovine
thrombin (20 U/mL, Thrombin-JMI, King Pharmaceuticals, Bristol, TN, USA), 0.025 U/mL
aprotinin (Sigma-Aldrich), and 1% (v/v) emulsion. For in vitro studies, 0.5 mL aliquots of
the ARS mixture were added into each well of a 24 well BioFlex plate (Flexcell
International, Burlington, NC, USA) and allowed to polymerize for 30 min at room
temperature. Each ARS was then covered with 0.5 mL of overlying media, consisting of
DMEM supplemented with 100 U/mL penicillin and 100 ug/mL streptomycin. The ARSs
were placed in a humidified incubator at 37°C with 5% carbon dioxide between US
exposures.

2.3 US Exposure

All acoustic exposures were conducted using the following setup. A calibrated transducer
(2.5 MHz, H108, f-number = 0.83, focal length = 50 mm, Sonic Concepts, Inc., Bothell, WA
USA) was driven by pulsed waveforms generated using a dual channel function generator
(33500B, Agilent Technologies, Santa Clara, CA USA), amplified by a gated radio
frequency amplifier (GA-2500A Ritec Inc, Warwick, Rl USA), and passed through a
matching circuit (H108_3MN, Sonic Concepts) to reduce impedance between the transducer

Acta Biomater. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moncion et al.

Page 5

and amplifier (Figure 1 (a-1)). Waveform gating was realized using the second channel of the
function generator. All generated and amplified signals were monitored with an oscilloscope
(HDO4034, Teledyne LeCroy, Chestnut Ridge, NY USA). All acoustic exposures were done
with the following parameters unless otherwise stated in the figure caption: 8 MPa peak
rarefactional pressure, 13 acoustic cycles, and 100 Hz pulse repetition frequency (PRF). This
corresponds to a spatial peak time average intensity of 86.4 mW/cm2.

2.4 In vitro Controlled Release of Dextran

For controlled release experiments, the BioFlex plate containing the ARSs was placed in a
tank of degassed water (30-36% O, saturation) at 37°C such that only the bottom half of the
plate was submerged, as shown in Figure 1 (a). The single element US transducer was
positioned under the plate such that the axial focus was located at mid-height of the ARS.
The bottom of each well in the plate consisted of a silicone elastomer membrane, which
based on a thickness of 1 mm, attenuates the US by less than 2% [37]. During US exposure,
the transducer was rastered across the entire ARS for 2 min. Four US exposure conditions
were explored: no US, a single US exposure one day after polymerization, a single US
exposure four days after polymerization, and daily US for a period of 6 days beginning one
day after polymerization. To quantify the amount of dextran released, 50% of the overlying
media was collected and replaced with an equal volume of fresh media immediately after
every US exposure. The concentration of dextran in the media was measured with a
fluorometer (Molecular Devices Spectramax M2e, Sunnyvale, CA USA, 679 nm EX/ 702
nm EM). As a comparison, the release of dextran — incorporated directly in fibrin scaffolds
with and without any blank emulsion - was also measured.

2.5 In vitro Fibrin Degradation

ARSs were prepared in 24-well BioFlex plates as described previously except with blank Cg
emulsion and Alexa Fluor 647-labeled fibrinogen (Molecular Probes). The final
concentration of labeled fibrinogen in each ARS was 0.125 mg/mL; this concentration was
chosen to prevent self-quenching of the labeled fibrinogen. The ARSs were exposed to US
(as described in Section 2.4) and incubated between US exposures. To quantify the amount
of fibrin degradation 50% of the media was collected and replaced with fresh media after
every US exposure. The concentration of labeled fibrinogen in the media was measured with
a fluorometer (650 nm EX/ 668 nm EM). As a control, fibrin scaffolds without emulsion but
with labeled fibrinogen were prepared, and their degradation was quantified similarly.

2.6 In vivo Controlled Release of Dextran

This in vivo research was conducted with approval of the Institutional Animal Care & Use
Committee at the University of Michigan. Female BALB/c mice (n = 22, 18-21 g, Charles
River Laboratories, Wilmington, MA, USA) were anesthetized with isoflurane (5% for
induction and 1.5% for maintenance). The lower dorsal hair was removed by shaving and
depilatory cream (Nair, Church & Dwight Co, Ewing, NJ USA); the skin was sterilized with
betadine surgical scrub (Purdue Products L.P., Stamford, CT USA). The ARS mixture (0.25
mL per implant) was then injected subcutaneously using a 20 gauge needle (Becton
Dickinson, Franklin Lakes, NJ, USA) at two locations with the dorsal region and allowed to
polymerize for 2 minutes prior to removal of the needle. The ARS mixture contained 1%
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(v/v) dextran-loaded emulsion with either 1:1 Cs:Cg or Cg as the PFC phase. The mice were
allowed to recover following implantation. Fibrin scaffolds without emulsion, but containing
dextran, were injected as control implants. Blank scaffolds (i.e., without emulsion and
dextran) were injected as sham controls.

Figure 1(b) shows the experimental setup used for all /n vivo studies. Each mouse was
anesthetized with isoflurane and placed in a prone position. US coupling gel (MediChoice,
Owens & Minor, Mechanicsville, VA USA) was applied to the implant region. A coupling
cone (C106, Sonic Concepts) was placed on the US transducer, filled with degassed water
(30-36% O, saturation), and the water was sealed in by Tegaderm film (3M Health Care, St.
Paul, MN USA). The transducer was rastered across the implant for 2 min. For each mouse,
US was applied daily to only one scaffold beginning one day after implantation for a period
of 10 days. The scaffolds receiving US treatment (i.e., left or right implant) were
randomized for all mice.

2.7 In Vivo Fibrin Degradation

ARSs containing 1% (v/v) blank emulsion, with Cg as the PFC phase, and labeled fibrinogen
(0.125 mg/mL) were prepared, injected into female BALB/c mice (n = 10), and exposed to
US as described in sections 2.5 and 2.6. Fibrin scaffolds without emulsion, but containing
labeled fibrinogen, were injected as control implants. Blank scaffolds (i.e., without emulsion
and labeled fibrinogen) were injected as sham controls.

2.8 IVIS Imaging

The mice were anesthetized with isoflurane and imaged with an IVIS Spectrum Preclinical
In Vivo Imaging System (f/4, field of view = 19.4 cm, Perkin Elmer, Houston, TX USA) at
the University of Michigan Center for Molecular Imaging to quantify the fraction of dextran
or fibrinogen released from the implants [38]. The mice were imaged on day O (i.e., the day
of implantation), 1 (i.e., the first day of US exposure), 2, 3, 4, 7, and 10. On days 1-10, the
mice were imaged after US exposure. For the dextran release study, the fluorophore signal
was collected using an excitation filter of 675 nm and emission filters ranging from 720 to
780 nm. To account for autofluorescence, a sequence of background signals was collected
using an excitation filter of 605 nm and emission filters ranging from 660 to 780 nm. For the
fibrin degradation study, the fluorophore signal was collected using an excitation filter of
640 nm and emission filters ranging from 680 to 740 nm. To account for autofluorescence, a
sequence of background signals was collected using an excitation filter of 570 nm and
emission filters ranging from 620 to 740 nm. Spectral unmixing was performed on the
dextran and fibrinogen data sets in Living Image software (Perkin Elmer), according to the
manufacturer’s instructions, using the fluorophore and autofluorescence (background)
images. Following unmixing, equally sized regions of interest (ROIs, 1.25 cm diameter)
corresponding to each implant, were drawn and the average radiant efficiency
([photons/s/cm?/sr]/[uW/cm?]) was calculated. The size of the RO, f/stop, and field of view
were sufficiently large to encompass any lateral and axial diffusion of the dextran after
release. For each implant, the average radiant efficiency on days 1-10 was normalized by the
day 0 measurement, thus accounting for any differences in the amount of fluorophore
initially loaded.
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2.9 Histology

For the /in vivo fibrin degradation study, mice were euthanized on day 3 and day 10 post
implantation. ARSs were retrieved and fixed overnight in aqueous buffered zinc formalin
(CAS# 50-00-0, Formalde-Fresh, Fisher Scientific). Implants were then transferred to 70%
ethanol until they were processed and embedded in paraffin at the University of Michigan
Microscopy & Image Analysis Laboratory. The paraffin-embedded tissues were cut into 5
pum thick serial sections and placed on pre-cleaned glass slides (Fisherbrand Superfrost Plus,
Fisher Scientific) for histological analysis. Tissue sections were stained with Modified
Harris Formulation hematoxylin (Ricca Chemical Company, Arlington, TX USA) and
aqueous eosin Y solution (0.25% (w/v) in 57% (v/v) alcohol, Sigma-Aldrich) (H&E) to
visualize the overall tissue morphology. Immunostaining of mice-derived blood vessels was
performed using a rabbit anti-mouse CD31 primary antibody (ab28364, Abcam, Cambridge,
MA USA) combined with a goat anti-rabbit secondary labeled polymer-horseradish
peroxidase conjugate (Envision+ System-HRP (DAB), Dako North America, Inc.,
Carpinteria, CA USA), as described previously [39, 40]. Negative controls, involving
staining with a rabbit IgG polyclonal isotype control (ab27478, Abcam) as the primary
antibody or staining with the secondary antibody only, confirmed the specificity of the CD31
staining. Tissue sections were visualized and photographed with a Leica DMRB light
microscope (Leica Microsystems, Inc., Buffalo Grove, IL USA). Three tissue sections from
each implant-with five images per tissue section — were analyzed manually for blood vessel
formation per unit area as well as thickness of the granulation layer. Blood vessel counting
was done, in a blinded manner, by three separate individuals. Blood vessels were identified
in CD31-stained tissues at 20x magnification by defined lumens and complete enclosure of
the lumen.

2.10 Statistics

Results

All statistical analyses were performed using GraphPad Prism software (GraphPad Software,
Inc., La Jolla, CA USA). All data is expressed as the mean = standard error of the mean of
measured quantities. All 7~values are listed below each corresponding figure. The 95%
confidence intervals of slopes are listed in the format S [S, SH], 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 #test corrected for
multiple comparisons using the Holm-Sidak method, with differences deemed significant for
p<0.05.

3.1. Emulsion Properties

As listed in Table 1, each “large” emulsion displayed a larger mean droplet diameter and
smaller number concentration compared to the “small” emulsion for a given PFC core. A
higher ADV threshold was observed for the small Cg emulsion when compared to the large
Cg emulsion, while the large Cs emulsion had a higher payload encapsulation efficiency
compared to the small C5 emulsion. The droplet number concentration and ADV threshold
correlated with the fraction of Cg in the PFC core while the mean droplet diameter correlated
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inversely. Example droplet distributions, comparing small and large emulsions, are shown in
Figure 2(a).

3.2 In vitro Controlled Release of Dextran from ARSs

With US applied daily beginning on day 1, Supplemental Figure 1(a,b) shows that the
amount of dextran released from a C5/Cg-ARS with large emulsion correlated with acoustic
pressure and PRF. The acoustic condition that yielded the greatest release was 8 MPa and
100 Hz PRF (40.0 £ 0.8% released by day 6). This acoustic condition was used for all
subsequent studies. Comparatively, US exposures at 3 MPa and 100 Hz PRF or 8 MPa and
10 Hz PRF yielded 13.2 £ 0.7% and 29.6 + 0.7% release by day 6, respectively. The
negative control (i.e., —US) exhibited 3.8 + 0.7% payload release by day 6. With US applied
daily beginning on day 4, supplemental Figure 1(c) demonstrates that delayed release is also
possible.

The release profiles of ARSs with varying emulsion formulations (i.e., C5-ARS, Cg/Cg-
ARS, and Cg-ARS) and emulsion sizes (i.e., large and small) are shown in Supplemental
Figure 2(a-b) and Figure 3(a-d). Three acoustic exposures were explored: —US, +US (day 1
only), and +US (daily beginning on day 1). Without US exposure, no statistically significant
differences were observed between ARSs with small and large emulsions (for the same PFC
type) by day 6. However the release from Cs-ARSs was statistically higher than both Cs/Cg-
ARS, and Cg-ARS on day 6 in the absence of US.

In the presence of US, the amount of dextran released correlated inversely with the amount
of Cg in the PFC core of the emulsion and directly with the number of US exposures. With
the large emulsion, a single US exposure (i.e., +US on day 1) produced 20.1 + 1.5% and
12.1 £+ 1.5% dextran release for C5/Cg-ARS and Cg-ARS by day 6, respectively, while daily
US exposure yielded 38.6 + 1.6% and 22.2 + 1.3% dextran release by day 6, respectively.
For the small emulsion, daily US exposure produced 23.0 + 1.8% and 14.8 + 0.4% dextran
release for Cs/Cg-ARS and Cg-ARS, respectively. For C5/Cg-ARS and Cg-ARS with large
emulsions, both +US conditions were statistically different from —US starting on day 1,
while differences between the two +US exposure conditions began on day 2. For the small
emulsions, there were significant differences between +US (daily) and —US starting on day 1
for C5/Cg-ARS and day 2 for C4-ARS. The greatest release was observed with Cs-ARS with
15.2 + 1.0% and 23.5 £ 6.3% release by day 6 for small and large emulsions, respectively.
Significant differences between each distributions +/-US conditions started on day 1.

3.3 In vitro Enhanced Release of Dextran from Fibrin

Figure 4(a) shows that US increased the release of non-encapsulated dextran from a
conventional fibrin gel (i.e., without emulsion). Burst release of the dextran was clearly
observed on day 1 (i.e., 1 day after polymerization) with 64.0+ 1.8, 72.0 £ 0.7, and 72.2

+ 0.5% released for —US, +US (day 1 only), +US (daily), respectively). Thus, exposure to
US generates an additional 8.3 £ 0.1% (absolute) release of dextran for both +US conditions
relative to —US. By day 6, the maximum amount of dextran released for the three conditions
was 88.2 £ 1.2% (-US), 96.6 + 1.1 (+US day 1 only), and 99.9 + 0.1 (+US daily). Both +US
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conditions were statistically different from the —US case starting on day 1 and were different
from each other starting on day 2.

3.4 Effect of US on In vitro Fibrin Degradation of Fibrin and ARSs

The rate of fibrin degradation in the ARSs was also measured (Figure 4(b)). By day 6, 44.3
+ 0.8% of the Cg-ARS was degraded for the +US condition while 38.4 + 0.3% of the Cg-
ARS was degraded for the —US condition. Significant differences were observed between +/
—-US for ARSs starting on day 1. By comparison, for fibrin gels (i.e., without emulsion),
37.0 £ 0.3% and 34.8 + 0.7% degradation was observed by day 6 for the —US and +US
conditions, respectively, with significant differences observed starting on day 2 (data not
shown).

3.5 In vivo Controlled Release of Dextran and Fibrin Degradation from ARSs

For /n vivo studies, dextran release from the subcutaneously implanted scaffolds was
monitored longitudinally with whole body fluorescence imaging. We hypothesize that upon
release of the dextran from the scaffold, the dextran diffused into the local microvasculature
and lymphatic vessels [41] and then was ultimately cleared by the systemic circulation. The
clearance caused a decrease in fluorescence signal within the ARS, which was quantified via
imaging. Figure 5 shows longitudinal photographs and fluorescence images of mice with
implanted Cs/Cg- and Cg-ARSs. Over the 10 day study, the ARSs exhibited a slight
volumetric expansion, which was more clearly evident for the C5/Cg-ARSs. Additionally,
the fluorescence signal within the ARS exposed to US decreased qualitatively faster than the
sham (i.e., —~US) ARS, thus indicating greater dextran release from the +US condition.

Using ROIs corresponding to each implant, the fluorescence images were quantified to
obtain the /n vivorelease profiles for C5/Cg-ARS and Cg-ARS (Figure 6(a,b)). Since /n vitro
results demonstrated that daily US exposure yielded greater dextran release than a single US
exposure, two acoustic conditions were evaluated /7 vivo. —US and +US (daily beginning on
day 1). Figure 6(a) shows that a large fraction of the dextran payload was released from the
Cs5/Cs-ARSs on day 1 for the +US condition (74.1 + 2.2%); comparatively, 55.1 + 1.5%%
was released on day 1 for the —US condition. By day 10, the total dextran released was 88.9
+ 0.8% and 65.5 + 3.3% for +US and -US, respectively. For Cg-ARSs (Figure 6(b)),
significant dextran release in response to US was first observed on day 2 (31.1 £ 8.8%), with
greater release for +US versus —US occurring between days 3 and 7. Unlike the Cs/Cg-
ARSs, a burst release was not observed for —US on day 1. Between days 0 and 3, release
from the —US was not statistically different than zero (p = 0.6, slope: 2.6 [-17.4, 22.7]). By
day 4, non-selective (i.e., —US) payload release started to occur, with —US and +US
conditions yielding 33.0 £ 5.4% and 57.9 + 6.4% released, respectively. By day 10, 51

+ 14.2 and 75.0 + 6.1% release was observed for the —US and +US conditions, respectively.

The release profile of non-encapsulated dextran, contained within fibrin scaffolds, is
displayed in Figure 6(c). Similar to the /n vitro results with non-encapsulated dextran
(Figure 4(a)), significant burst release occurred within the first day after in situ
polymerization (76.4 £ 5.4%). This /n vivo burst release was greater than that observed /in
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vitro for all tested conditions. The total amount of payload released by day 10 was 90.1
+ 3.1%, which was less than that observed /n vitro for all tested conditions on day 6.

The degradation rate for the implanted fibrin scaffolds, evaluated using fluorescence
imaging, is also shown in Figure 6(c). In the absence of US, 66.8 + 2.3% degradation was
observed by day 10. Comparatively, the degradation rate for Cg-ARSs is displayed in Figure
6(d). No differences were observed between —US and +US in terms of degradation rate (o=
0.4, slope of —US: 2.8 [-0.1, 5.7], slope of +US: 3.6 [1.5, 5.8]) or the amount of ARS
degraded at any time point. By day 10, the fraction of degradation was 42.8 + 6.9% and 49.3
+ 5.4% for —US and +US, respectively. Thus, at 10 days after implantation, ARSs were less
degraded than fibrin scaffolds of equal fibrin concentration.

3.6 Morphology and Vascularization of Implanted ARSs

H&E images of fibrin and Cg-ARS implants are displayed in Figure 7. All implants
appeared similar on day 0, with no cell invasion and implant degradation. Cellular
infiltration was observed on days 3 and 10 for both fibrin and ARSs. For ARSs, there was a
difference in morphology between the +/-US conditions 3 days after implantation. The +US
ARS had large ruptures within the scaffold, presumably caused by droplet vaporization
induced by the US exposures beginning on day 1. The morphology of the -US ARS
condition began to approach that of the +US ARS condition 10 days after implantation, as is
seen with the gas pocket observed in the H&E section (Figure 7, Day 10-I1). This finding
was consistent with the release observed for the —US condition for C4-ARS (Figure 6(b))
and the measured fibrin degradation (Figure 6(d)).

As seen in Figure 8, blood vessel in-growth into the fibrin and ARS implants was evaluated
immunohistochemically. As expected, no blood vessels were observed in any scaffold on
day 0. Blood vessels were observed in the scaffolds beginning on day 3, with a higher
density and larger vessels evident by day 10. Blood vessel density (i.e., number of blood
vessels per area) within each scaffold is quantified in Figure 9(a). Blood vessel density
increased from day 3 (1.3 + 0.5, 8.4 + 7.1, and 16.9 + 8.8 vessels/mm?) to day 10 (25.5
+4.5,62.1+12.3,and 73.8 + 7.1 vessels/mm?) for fibrin, ~-US ARSs, and +US ARSs,
respectively. On day 10, the blood vessel density within an ARS exposed to US was
significantly higher than in a fibrin scaffold. Although not statistically significant (p =
0.057), blood vessel density in the —US ARSs was trending higher than in fibrin. The
thickness of the granulation layer in each type of implant is quantified in Figure 9(b). The
thickness of the granulation layer increased with time, with the greatest thickness observed
on day 10 (141.5+ 7.8, 377.0 £ 29.2, and 376.4 £ 28.7 um for fibrin, -US ARS, and +US
ARS, respectively). Significant differences were observed on day 10 between fibrin and both
ARS conditions.

4. Discussion

We have demonstrated how US can be used to modulate the release of a surrogate payload
(i.e., dextran) encapsulated within an ARS. Various acoustic parameters have been shown to
affect the ADV threshold (i.e., the lowest acoustic pressure at which ADV begins to occur)
and efficiency (i.e., the fraction of droplets that vaporize at a given acoustic pressure) of
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sonosensitive emulsions and ARSs [34]. For example, ADV thresholds correlate inversely
with US pulse duration, insonation frequency, and PRF [33, 34] while ADV efficiency
correlates with acoustic pressure [32, 42]. Supplemental Figure 1 and Figure 3 show that
payload release — which is directly related to ADV efficiency - correlated with acoustic
pressure, PRF, and number of US exposures for both small and large emulsions. In addition,
Supplemental Figure 1(c) shows that delayed release of the encapsulated payload is possible.
Thus, the temporal control afforded by an ARS could be used to determine the optimum
timing (e.g., after inflammation or cell recruitment/proliferation) of growth factor delivery
for tissue regeneration or to better elucidate how temporally restricted delivery impacts
fundamental regenerative processes [43].

The tunable responsiveness of ARSs is enhanced further when ARS parameters (e.g., matrix
stiffness, emulsion surfactant, emulsion size, composition of the PFC core) are modified
[34]. We previously demonstrated that the ADV threshold correlated with fibrin density and
the bulk boiling point of the PFC core in the emulsion [34] while ADV efficiency correlated
inversely with fibrin density for a fixed acoustic amplitude [27]. In this study, the ADV
thresholds of the ARSs (Table 1) correlated with the fraction of Cg in the PFC core and
correlated inversely with droplet diameter (for Cg only). The acoustic pressure used for all
release experiments (except Supplemental Figure 1(a)) was 8 MPa, which was significantly
higher than the measured ADV thresholds. However complete payload release in response to
US was not observed for any of the ARSs, either /n vitro or in vivo, despite complete
exposure of the ARSs to US. This is likely a consequence of the polydisperse size
distribution of the emulsions used in the ARSs (Figure 2(a)). Since the ADV threshold
correlates inversely with droplet diameter [44-46], larger droplets are more likely to undergo
ADV, which can decrease the ADV efficiency generated by subsequent US exposures due to
the increase in attenuation caused by the formed bubbles. The use of monodispersed
emulsions, which have the same ADV threshold [47, 48], and tighter spatial control of US
application could increase the maximum release achievable. Additionally, higher PRF (see
Supplemental Figure 1(b)) or longer pulse lengths [34] could be used to increase the fraction
of payload released following ultrasound exposure.

Overall, the dependence of the ADV threshold and efficiency on the PFC core and droplet
size could be used for sequential release of multiple therapeutic payloads. For example, two
growth factors could be sequentially delivered from an ARS by encapsulating each growth
factor in separate emulsions with varying PFC cores droplet sizes. The first growth factor to
be released could be encapsulated in an emulsion with a lower boiling point PFC (or larger
droplet size) while the second growth factor could be encapsulated in an emulsion with a
higher boiling point PFC (or smaller droplet size). Thus, the first and second growth factors
would be released using lower and higher amplitude ultrasound, respectively.

Retention of payload within the ARS (i.e., in the absence of US) is crucial in order to
achieve on-demand, controlled release using US. In the absence of US, all ARS formulations
displayed significantly better payload retention than non-emulsified dextran contained
within fibrin (Figure 4(a), Figure 6(c)). Payload retention in ARSs correlated with the
fraction of Cg in the emulsion for both /n vitro and in vivo results; for a given PFC core,
droplet size did not affect payload retention. Although /n vivo studies with Cs/Cg-ARS
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(Figure 6(a)) show a similar release profile to non-encapsulated dextran (Figure 6(c)), ARSs
provide the benefit of enhanced blood vessel formation (Figure 9(a)). The emulsification
process minimizes the spontaneous vaporization of low boiling point PFCs, like Cs (29°C
bulk boiling point), at homeostatic body temperature (37°C) because of an increase in
Laplace pressure, which increases the effective boiling point of the PFC within each droplet
[46, 49]. However, C5-ARSs were not used for /n vivo studies since they displayed the
lowest payload retention in the absence of US (Supplemental Figure 2). This finding was
consistent with our previous demonstration that droplet destabilization occurs within a Cs-
ARS [34]. It may be possible to further increase payload retention by using a PFC with a
higher boiling point or fabricating monodispersed emulsions.

Conversely, payload release in response to US correlated inversely with the fraction of Cg in
the emulsion for both /n vitroand in vivo results. Additionally, greater overall release was
observed for large emulsions compared to small. However, the small emulsions yielded
ARSs with better homogeneity (Figure 2(b)), and thus were selected for the /n vivo studies.
These differences in payload release are likely related to the effective boiling point of the
PFC within the emulsions, which is dependent on both the droplet diameter and bulk PFC
boiling point. For example, the bubble point of a 1:1 (w/w) Cs/Cg ad-mixture is
approximately 39 °C, which is in between the boiling points of Cg or Cg. Thus,
recondensation of the gas nucleus formed by ADV within a droplet is more likely as the
fraction of Cg increases, especially if the US pulse duration is short [50, 51], since vaporized
Cg exists as a supercooled gas at 37 °C.

There are some limitations of using dextran as a model payload, especially in the context of
developing ARSs for the controlled delivery of growth factors. First, growth factors such as
bFGF can display high affinity for fibrin, which can decrease the extent of burst release [52,
53]. Comparatively, as seen in Figure 4(a) and Figure 6(c), significant burst release is
observed with dextran in a fibrin scaffold. Second, the bioactivity of growth factors is
dependent on the retention of higher levels of protein structure that can be impacted by US
[54]. This is not the case with dextran.

The stability of the fibrin matrix is also critical for controlling release from the ARS. Studies
have shown that fibrin degradation occurs even in the presence of a protease inhibitor like
aprotinin [38, 55], which was used in the preparation of the ARSs. Fibrin degradation was
observed /n vitro, presumably due to protease impurities in the starting fibrinogen material
[56], and further enhanced with US (Figure 4(b)). C4g-ARSs displayed better payload
retention than Cs/Cg-ARSs both /n vitro and in vivo. However, various factors present /in
vivo that were mitigated or absent /n7 vitro could affect payload retention in the ARS. During
in vitrofibrin degradation, emulsion released from the fibrin matrix of the ARS accumulated
at the bottom of each well. During /n vivo fibrin degradation, however, non-vaporized
emulsion released from the fibrin matrix was exposed to the subcutaneous
microenvironment. This could lead to emulsion destabilization and non-selective payload
release via enzymatic or cellular pathways as well as uptake and clearance by blood and
lymphatic vessels [57]. In addition, cellular migration into the ARS could destabilize the
emulsion due to the degradation of the fibrin surrounding each droplet, which could alter the
interfacial tension between the emulsion and the fibrin. For example, the fraction of dextran
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released in the absence of US (i.e., 51 + 8.2%) for Cg-ARSs at day 10 is similar to the
fraction of scaffold degraded (i.e., 42.8 £ 2.6%). With C5/Cg-ARSs in the absence of US, a
burst release was observed /n vivo on day 1 that was not observed /n vitro. At this early time
point, scaffold degradation is likely not the cause of this burst release. However, the
reshaping of the scaffold and forces exerted on the scaffold in the /n vivo setting (e.g.,
caused by animal movement) could have caused destabilization of the Cs/Cg-ARSs.
Alternatively, the solubilization of the isoflurane anesthetic in the PFC could have also
contributed to destabilization [58].

Previous studies demonstrated that non-thermal US can enhance the diffusion of solutes
contained within hydrogels, even causing disruption of hydrogel cross-linking [35] or
increases in porosity [59]. In this study, US enhanced /n vitro dextran release, which
correlated with an increase in fibrin degradation in fibrin scaffolds (Figure 4). Thus, it is
likely that the increase in dextran release was due to changes in the microstructure of the
fibrin following US exposure. Changes in fibrin macroporosity were visible in vivoin the
ARS in response to US at day 3 (Figure 7, Figure 8), though overall ARS degradation by
day 10 was less than fibrin scaffolds. Unlike the monotonically increasing degradation
observed with fibrin (Figure 6(c)), the rate (i.e., slope) of fibrin degradation for the Cg-ARSs
was not statistically different than zero between days 1-7. Previously, we demonstrated that
ARS stiffness increases following US exposure [27, 34], which could reduce cellular
infiltration and associated fibrin degradation [60, 61]. Additionally, in our previous study,
more than 60% viability was observed with cells coencapsuled in an ARS following US
exposure at the acoustic parameters used in these experiments (2.5 MHz, 8 MPa, and 13
cycles) [34].

Greater blood vessel formation and granulation layer thickness were observed in ARSs
versus fibrin by day 10 (Figure 9), which suggests that vascularization and cell invasion was
enhanced by the presence of Cg emulsion in the fibrin matrix. PFCs are known for having
high gas solubility, especially oxygen, with lower boiling point PFCs exhibiting higher
oxygen solubilization [62-64]. As such, cells co-encapsulated in hydrogel scaffolds with
PFC display higher viability than cells encapsulated without PFC [65, 66]. The PFC within
the ARS may be serving as oxygen depots that could attract cells into the ARS. Previous
work has shown no statistical difference in blood vessel formation between a conventional
fibrin scaffold and a fibrin scaffold loaded with poly(lactic-co-glycolic) acid (PLGA)
particles [67]. This suggests that the PFC within the ARS is the likely cause of enhanced
angiogenesis. In addition, the presence of emulsion within the ARS may have facilitated cell
invasion into the ARS as seen in Figure 9(b). This is demonstrated by H&E images of tissue
samples taken on day 3 and 10 (Figure 7), where greater cell invasion is seen in ARSs versus
fibrin implants. It is important to note that the granulation layer mentioned in this work is
not a fibrous capsule, as fibrous capsules are chronic and impermeable to cells [68].
Additionally, the morphology of the granulation layer observed here is similar to the
morphology seen in prior studies [69]. Overall, the finding that ARSs increase
vascularization is interesting, given that no growth factors were released in these
experiments, and potentially useful in future studies involving angiogenesis.
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Conclusions

In this study, we demonstrated controlled release of encapsulated dextran from fibrin-based
scaffolds using focused, 2.5 MHz US. The release profiles were dependent on ARS (e.g.,
emulsion size, PFC core) and US (e.g., amplitude, PRF, number of exposures) parameters.
Payload retention in the absence of US and payload release due to US correlated directly and
inversely with the fraction of Cg in the ARS. US also increased the release of non-
encapsulated dextran from fibrin, which was linked to increased fibrin degradation. Within
ARSs, US induced morphological changes associated with the formation of gas bubbles
produced by ADV. Greater (i.e., up to 2.9-fold) blood vessel formation occurred in ARSs
compared to fibrin scaffolds. Overall, ARSs provide a biocompatible, minimally invasive
approach for on-demand, controlled payload release using US, and have potential for use in
tissue engineering applications.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(@) /n vitroand (b) in vivo setups for US exposure. The equipment used to drive the

transducer is depicted in (a-1). (b) Right: Macroscopic images of ARSs containing blank Cg
emulsion and AF647-labeled fibrinogen (blue). The ARSs were harvested 3 days after
subcutaneous implantation. Gas bubbles, produced when the US vaporizes the emulsion
within the ARS, is evident for the +US condition. The skin surface and underlying muscle
are indicated by the green and red arrows, respectively. Scale bar = 0.5 cm.
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Figure 2.

(a) The volume weighted size distributions of two Cg emulsion populations — small and
large. The different size distributions were obtained by varying the rotational speed of the
homogenizer following the second emulsification step. (b) Image of Cg-ARSs with small
(left) and large (right) emulsions 1 minute after polymerization. The small emulsion is
evenly dispersed in the ARS while some settling is observed for the large emulsion. Scale
bar=1cm.
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Figure 3.
In vitro release profiles for (a) Cs/Cg-ARSs and (b) Cg-ARSs with large emulsions as well as

(c) C5/Ce-ARSs and (d) Cq-ARSs with a small emulsions. All ARSs contained emulsified
dextran and were exposed to one of the following acoustic conditions: —US, +US (day 1
only), and +US (daily beginning on day 1). For all experimental conditions, US exposure
was done with the same setup/parameters described in Section 2.3. All data is represented as
mean + standard error of the mean for n = 5 scaffolds. Statistically significant differences (p
< 0.05) are denoted as follows. a.: +US (daily) vs. -US; B: +US (day 1) vs. -US; x: +US
(daily) vs. +US (day 1).
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[ [ [ [ 1 o

a b
° x % x x x -
%100 ° — S 100
3 _e— 38— g
€ 80 o —x % g 80
< ./g/x——x %
E‘ 60 X 5 604
a i
= ]

‘s 401 o 407 !/!/;;‘x
g & /!¢
3 201 o 204 ]
o 5 -
4 o
& olg—o ’ . ' ’ ' olw— r ' ' ' .

0 1 2 3 4 5 6 0 1 2 3 4 5 6

Time (days) Time (days)
@ +US (Daily) © +US (Day 1) * -US & +US (Daily) % -US

Figure 4.

(a§J In vitro release profiles of non-encapsulated dextran in a fibrin scaffold exposed to one of
the following acoustic conditions: —US, +US (day 1 only), and +US (daily beginning on day
1). (b) Fibrin degradation of ARSs with and without US (daily beginning on day 1). For all
experimental conditions, US exposure was done with the same setup/parameters described in
Section 2.3. All data is represented as mean + standard error of the mean for n = 5 scaffolds.
Statistically significant differences (p < 0.05) are denoted as follows. a.: +US (daily) vs.
-US; B: +US (day 1) vs. -US; x: +US (daily) vs. +US (day 1).
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Figure 5.
Longitudinal images, visible and fluorescence, of two mice — each with two subcutaneously

implanted ARSs (top: C5/Cg-ARSs, bottom: Cg-ARSs). The ARSs were implanted on day 0
and US applied daily starting on day 1 to the right (Cs/Cg-ARSS) or left (Cg-ARSs) implant.
The colormap is quantitatively indicative of the dextran concentration remaining in the ARS.
Scale bar =1 cm.
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Figure 6.

lngvivo release profiles of dextran from (a) Cs/Cg-ARSs with a small emulsion, (b) Cg-ARSs
with a small emulsion, or (c) fibrin scaffolds. The scaffolds contained emulsified (a,b) or
non-emulsified (c) dextran. /n vivo fibrin degradation of (c) fibrin and (d) ARSs with blank
Cg emulsion. ARSs were exposed to +US (daily beginning on day 1) or —US using the same
setup/parameters described in Section 2.3. All ARSs had a fibrin concentration of 10
mg/mL, were implanted one day prior to the first acoustic exposure, and had a volume of
0.25 mL. All data is represented as mean * standard error of the mean for n =11 (a,,b), n =4
(c), and n = 10 (d) implants/condition. Statistically significant differences (o < 0.05) are
denoted as follows. a.: +US (daily) vs. —US.
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y
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H&E images of implanted (1) fibrin scaffolds, (11) ARS not exposed to US (i.e., —US), and
(1) ARS exposed to daily US beginning on day 1 (i.e., +US) on days 0, 3, and 10 at 5x
magnification. The +/-US images of the ARSs are from contralateral implants within the
same mouse. The green and red arrows denote the skin/implant interface and implant/
(adipose or muscle) interface, respectively. Scale bar = 1 mm.
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Figure 8.
CD31, with hematoxylin counterstain, images of implanted (1) fibrin scaffolds, (11) Cg-ARSSs

not exposed to US (i.e., —US), and (111) Cg-ARSs exposed to daily US (beginning on day 1
(i.e., +US)) on days 0, 3, and 10 at 10x magnification. The +/-US images of the ARSs are
from contralateral implants within the same mouse. Inset images (63x magnification) are
zoomed in within the implant to highlight blood vessel invasion, or lack thereof. The green
arrows denote the skin/implant interface while the blue arrows denote blood vessels. Large
scale bar = 0.5 mm and the small scale bar = 0.1 mm.
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Day 3

1 ARS (-US)

Day 10

H ARS (+US)

Quantification of (a) blood vessel density from CD31-stained images and (b) granulation
layer thickness from H&E stained images of fibrin scaffolds, Cg-ARSs not exposed to US
(i.e., —US), and C4-ARSs exposed to daily US beginning on day 1 (i.e., +US). All data is
represented as mean + standard error of the mean for n=9. a denotes statistically significant

differences (p < 0.05).
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