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Abstract

Vascularization is a critical step following implantation of an engineered tissue construct in order
to maintain its viability. The ability to spatially pattern or direct vascularization could be
therapeutically beneficial for anastomosis and vessel in-growth. However, acellular and cell-based
strategies to stimulate vascularization typically do not afford this control. We have developed an
ultrasound-based method of spatially-controlling regenerative processes using acellular, composite
hydrogels termed acoustically-responsive scaffolds (ARSs). An ARS consists of a fibrin matrix
doped with a phase-shift double emulsion (PSDE). A therapeutic payload, which is initially
contained within the PSDE, is released by an ultrasound-mediated process called acoustic droplet
vaporization (ADV). During ADV, the perfluorocarbon (PFC) phase within the PSDE is vaporized
into a gas bubble. In this study, we generated ex situ four different spatial patterns of ADV within
ARSs containing basic fibroblast growth factor (bFGF), which were subcutaneously implanted in
mice. The PFC species within the PSDE significantly affected the morphology of the ARS, based
on the stability of the gas bubble generated by ADV, which impacted host cell migration.
Irrespective of PFC, significantly greater cell proliferation (i.e., up to 2.9-fold) and angiogenesis
(i.e., up to 3.7-fold) were observed adjacent to +ADV regions of the ARSs compared to ~ADV
regions. The morphology of the PSDE, macrophage infiltration, and perfusion in the implant
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region were also quantified. These results demonstrate that spatially-defined patterns of ADV
within an ARS can elicit spatially-defined patterns of angiogenesis. Overall, these finding can be
applied to improve strategies for spatially-controlling vascularization.
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1. Introduction

Vascularization is required to integrate an engineered tissue construct with the blood supply
of the host upon /n vivo implantation. However, spontaneous in-growth of vessels into
constructs can be slow (e.g., less than 5 um per hour [1, 2]), which can lead to cellular
necrosis and an overall reduction in construct viability. To stimulate vascularization,
acellular and cell-based strategies have been investigated. With the former, pro-angiogenic
growth factors [3] or genes for these factors [4] have been delivered within implantable
scaffolds. With the latter, scaffolds containing cells involved in vascularization (e.g.,
endothelial, stromal, and/or mesenchymal stem cells) [5] or preformed vascular networks [6]
have been tested.

The ability to spatially pattern or direct vascularization could be therapeutically beneficial
for inosculation and blood vessel in-growth. However, conventional methods of
incorporating pro-angiogenic molecules, cells, or vascular networks within scaffolds do not
typically yield spatially-controlled vascularization. Thus, efforts rely on a priori patterning
techniques of the aforementioned entities. For example, bilayer poly(lactide-co-glycolide)
scaffolds were fabricated with different loadings of vascular endothelial growth factor
(VEGF) in each layer; after /n vivoimplantation, the density of vessels surrounding each
layer of the scaffold was commensurate with the VEGF loading in the layer [7]. Using laser
scanning lithography, an integrin ligand (i.e., RGDS) and VEGF were covalently patterned
onto the surface of a poly(ethylene glycol) (PEG) hydrogel, thereby leading to spatially
patterned /n vitro tubulogenesis [8]. Another approach has been to spatially pattern different
levels of crosslinking within a hyaluronic acid hydrogel using ultraviolet light, thereby
rendering areas of low and high matrix degradability that were inhibitory and permissive,
respectively, to in vitro vasculogenesis and angiogenesis [9]. 3D bioprinting has also been
used to control the spatial pattern of engineered vessels, either by direct printing of cells
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within a hydrogel or by seeding cells within printed channels. Tubes of vascular smooth
muscle cells were printed in a gelatin methacryloyl/PEG diacrylate/alginate hydrogel
followed by seeding of vascular endothelial cells within the lumens [10]. Endothelial cells
were seeded into fibrin channels created by the dissolution of printed, sacrificial sugar
filaments; the spatial pattern of the vascular network impacted perfusion recovery in rodent
cardiovascular models [11].

Ultrasound (US), which is used clinically in both diagnostic and therapeutic applications, is
an attractive modality for modulating regenerative processes like angiogenesis since US can
be applied non-invasively, focused with submillimeter precision, and delivered at depth in a
spatiotemporally-controlled manner. Previously, US standing waves have generated spatially
aligned layers of myofibroblasts and neural progenitor cells within collagen [12] and fibrin
hydrogels [13], respectively. Additionally, US standing waves were used to create fabricated
vessels consisting of aligned cylindroids of endothelial cells and adipose-derived stem cells
within catechol-conjugated hyaluronic acid hydrogels [14]. In these US-based approaches,
US was applied during the polymerization of the construct, which including the necessity of
a standing wave field, make these techniques most realizable for spatially controlling cell
alignment /n vitro or ex situ.

We have developed an US-based method for controlling regenerative processes via the
release of growth factors from acellular, composite hydrogels termed acoustically-responsive
scaffolds (ARSS) [15, 16]. This technique is amenable both /in vitroand in vivo, including
after implantation of the ARS that would ultimately enable personalization of therapy. An
ARS consists of a fibrin hydrogel doped with a phase-shift double emulsion (PSDE) with a
water-in-perfluorocarbon (PFC)-in-water structure (i.e., W1/PFC/W5). The growth factor
payload, which is contained within the inner Wy droplets, is dispersed within a hydrophobic
PFC phase that inhibits diffusion of the payload from the PSDE [17]. The encapsulated
payload is selectively released when the morphology of the PSDE is disrupted by the US-
triggered phase transition of the PFC — a process known as acoustic droplet vaporization
(ADV) [18]. ADV is threshold dependent and only occurs when the PSDE is exposed to US
with a rarefactional (i.e., tensile) pressure exceeding the ADV threshold. ADV is triggered
by pulsed US with a low duty cycle, thereby preventing any US-induced heating [19, 20].
The survival of the bubble generated by ADV is dependent on the PFC used to formulate the
PSDE (Figure 1A) [21, 22]. With lower boiling point species such as perfluorohexane
(CgF14), ADV generates stable gas bubbles that remain trapped within the ARS. With higher
boiling point PFCs like perfluorooctane (CgF1g), the gas bubble recondenses.

Previously, ARSs have been used for the controlled release of basic fibroblast growth factor
(bFGF), a protein that stimulates many processes such as proliferation and angiogenesis [23,
24]. bFGF has been tested clinically in patients with ischemic cardiovascular disease [25] or
chronic skin ulcers [26]. The stability of bFGF in the bloodstream is poor [27] and systemic
doses can cause adverse effects [28]. This has motivated efforts to improve its efficacy and
safety via controlled delivery using implantable biomaterials. Using ARSs, ADV triggered
release of bFGF has been shown to stimulate fibroblast proliferation [29] and endothelial
network formation [30] /n vitro as well as cell migration [31] and angiogenesis [29] in vivo.
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Here we present a method for eliciting a spatially-directed, angiogenic response from the
host upon /n vivo implantation of an ARS (Figure 1B). ARSs were generated with bFGF-
loaded PSDE and exposed to US ex situto generate four different spatial patterns of ADV.
The ARSs were subcutaneously implanted in mice and perfusion in the implant region was
longitudinally measured using laser speckle contrast analysis (LASCA) imaging. After 14
days, the following parameters were evaluated using histological staining: overall scaffold
morphology, PSDE morphology, cell proliferation, angiogenesis, and macrophage
infiltration. As will be shown, spatially-defined patterns of ADV yielded spatially-directed
patterns of cell proliferation and angiogenesis.

2. Materials and Methods

2.1 Preparation and characterization of PSDE

PSDEs containing bFGF were prepared by modifying a previously described method [29]. A
triblock fluorosurfactant, consisting of Krytox 157FSH (CAS# 51798-33-5, DuPont,
Wilmington, DE, USA) and polyethylene glycol (1000 g/mol, CAS#: 24991-53-5, Alfa
Aesar, Ward Hill, MA USA), was dissolved at 2% (w/w) in perfluorohexane (C6, CAS#:
355-42-0, Strem Chemicals, Newburyport, MA USA) or perfluorooctane (C8, CAS#: 307-
34-6, Alfa Aesar). Each PFC phase was combined at 2:1 (v/v) with a W, phase containing
3.6 mg/mL recombinant human bFGF (Cat#: GFO03AF, EMD Millipore, Temecula, CA
USA), 10 mg/mL bovine serum albumin (Sigma-Aldrich, St. Louis, MO USA), and 20
pg/mL heparin (Cat #: 375095, Calbiochem, San Diego, CA, USA) in phosphate-buffered
saline (PBS, Life Technologies, Grand Island, NY USA). The phases were sonicated (Q55
with a CL-188 immersion probe, QSonica, Newton, CT, USA) for 30 sec while on ice.

To generate each PSDE, the primary emulsion and a W, phase consisting of 50 mg/mL
Pluronic F68 (CAS# 9003-11-6, Sigma-Aldrich) in PBS were pumped at 1 uL/min and 10
uL/min, respectively, onto a glass microfluidic chip with a flow focusing junction (Cat#:
3200136, junction: 14 x 17 um, hydrophilic coating, Dolomite, Royston, United Kingdom).
Each phase was passed through an in-filter (Cat# 24993, Restek, Bellefonte, PA, USA) prior
to entering the chip. The PSDEs were characterized using a Coulter counter (Multisizer 4,
Beckman Coulter, Brea, CA USA) with a 50 um aperture (Supplemental Figure 1). The
average diameter, coefficient of variation, and concentration of the C6-PSDE (N=3) were
10.5 + 1.9 pm, 27.9 + 2.7%, and (0.9 + 0.6) x 10° droplets/mL, respectively. For the C8-
PSDE (N=3), the average diameter, coefficient of variation, and concentration were 6.9 £ 1.1
um, 21.4 + 8.1%, and (3.5 + 0.9) x 10° droplets/mL, respectively. The differences in sizing
parameters were not statistically significant between the two emulsions.

2.2 Preparation of ARSs and control scaffolds

Scaffolds were polymerized within custom, multi-well plates made by machining 9.5 mm
diameter holes in a sheet of poly(methyl methacrylate) (85 mm x 125 mm x 5.5 mm). A
Tegaderm membrane (3M HealthCare, St. Paul, MN USA) was adhered to the bottom of the
sheet to create a well bottom. The wells were blocked with 10 mg/mL bovine serum albumin
for at least 30 minutes to facilitate later removal of the scaffolds.
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Bovine fibrinogen (Sigma-Aldrich) was prepared at 20 mg/mL clottable protein in
Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific, Waltham, MA,
USA). Bovine lung aprotinin (Sigma-Aldrich) was added at 0.1 U/mL and the solution was
degassed in a vacuum chamber to facilitate complete dissolution of the fibrinogen and to
minimize the presence of bubbles. ARSs (total volume = 0.3 mL, diameter = 9.5 mm, height
= 4.2 mm) were prepared by combining the fibrinogen solution, DMEM, bovine thrombin
(Thrombin-JMI, Pfizer, New York, NY, USA), as well as PSDE and aliquoting the mixture
into the well plate. The final concentrations of fibrinogen, aprotinin, thrombin, and PSDE
were 10 mg/mL, 0.05 U/mL, 2 U/mL and 2.8% (v/v), respectively. Each ARS nominally
contained 10 ug bFGF. The ARSs were allowed to polymerize for 15 minutes at room
temperature. ARSs containing C6- and C8-PSDEs are referred to as C6-ARSs and C8-
ARSs, respectively. Control scaffolds consisting of only fibrin or fibrin containing 10 pg of
unencapsulated bFGF (i.e., fibrin+bFGF) were prepared similarly.

For ARSs where ADV was generated in a subvolume of the scaffold (i.e., +ADV upper,
+ADV lower), the ARS was polymerized using a two-step, bilayer approach. An ARS of one
half volume (i.e., 0.15 mL) was polymerized, sealed within the plate, and exposed to US to
generate ADV (methods described in the subsequent section). Following US exposure,
another ARS of one half volume was overlaid and polymerized on top of the first layer.

2.3 US exposure

ARSs were exposed to US in a water tank (30 cm x 60 cm x 30 cm) filled with degassed
(12-22% O, saturation), deionized water at 37°C. A calibrated, focused, single-element US
transducer (H147, 2.5 MHz, f-number = 0.83, radius of curvature = 50 mm, Sonic Concepts,
Inc., Bothell, WA USA) was used to generate ADV within the ARSs. The transducer was
connected to a three-axis positioning system controlled by MATLAB (The MathWorks,
Natick, MA, USA).

The transducer was driven by pulsed waveforms generated using a waveform generator
(33500B, Agilent Technologies, Santa Clara, CA, USA) and amplified by a gated
radiofrequency amplifier (GA-2500A Ritec Inc, Warwick, RI, USA). The amplified
waveform was passed through a matching circuit (H108_3 MN, Sonic Concepts) to reduce
the impedance mismatch between the transducer and amplifier. Waveforms were monitored
with an oscilloscope (HDO4034, Teledyne LeCroy, Chestnut Ridge, NY, USA). To generate
ADV within the ARSs, the following acoustic parameters were used: 6.1 MPa peak
rarefactional pressure, 5.4 ps pulse duration, and 100 Hz pulse repetition frequency. This
peak rarefactional pressure was previously shown to be suprathreshold for ADV within the
ARSs [21]. During US exposure, the transducer was rastered at a speed of 5 mm/s with a 0.5
mm lateral spacing between raster lines. Exposures were done at three axial planes located 3
mm, 2 mm, and 1 mm above the well bottom, with exposures completed from the top/distal
(i.e., 3 mm) to bottom/proximal (i.e., 1 mm) direction. The time required to complete the US
exposure for each ARS was approximately 2 min.
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2.4 Invivo implantation of scaffolds

This in vivo research was conducted with the approval of the Institutional Animal Care &
Use Committee (IACUC) at the University of Michigan. Hairless, immunocompetent SKH1-
Elite mice (female, n = 25, 4-6 weeks old, 21.0 + 2.0 g, Charles River Laboratories,
Wilmington, MA, USA) were anesthetized with isoflurane (5% for induction and 1.5% for
maintenance). The skin was disinfected with povidone-iodine (Betadine, Purdue Products,
Stamford, CT, USA). Two full thickness skin incisions approximately 1 cm in length were
made in the lower dorsal region parallel to and on either side of the spine. Small pouches
were bluntly dissected in the subcutaneous tissue and one scaffold was implanted in each
pouch. The wounds were closed with interrupted silk sutures (6-0, Ethicon, New Brunswick,
NJ, USA). With ARSs, four different spatial patterns of ADV were interrogated. For single
layer ARSs, ~ADV and +ADV whole patterns were tested. For bilayer ARSs, ADV was
generated in one layer of the ARS and then implanted such that the +ADV layer was either
proximal to the skin (i.e., +ADV upper) or underlying muscle (i.e., +ADV lower).

2.5 Evaluation of perfusion

Perfusion in the implant region was measured on day 0 (i.e., immediately after
implantation), 1, 3, 7, 10, and 14 using a PeriCam PSI HR (Perimed, Ardmore, PA USA)
laser speckle contrast analysis (LASCA) system. During imaging, mice were anesthetized
with isoflurane and placed in a lateral recumbent position on a heated (i.e., 37°C) water
blanket to enable imaging of one of the implanted scaffolds. All images were acquired with
a 10 cm distance between the scanner and mouse, resulting in a resolution of 20 pm/pixel.
Pimsoft software (Perimed) was used for image acquisition and processing. A total of 30
images per anatomical location per time point were acquired at a rate of 0.096 images/s with
a field of view of 2.0 x 2.8 cm. Every 6 images were averaged to create a total of five
averaged images per location per time point. Three of the five averaged images were used
for perfusion analysis. The average relative perfusion was calculated within a circular
(diameter: 0.5 cm) region of interest (ROI) placed in the implant region. The change in
average perfusion, relative to day 0, was subsequently computed.

2.6 Histological analyses

Mice were euthanized on day 14 post implantation. The implants were harvested with the
surrounding tissue and fixed overnight in aqueous buffered zinc formalin (Formalde-Fresh,
Fisher Scientific). Tissue samples were transferred into 70% (v/v) ethanol until processing
and embedding in paraffin by the Tissue & Molecular Pathology Core at the University of
Michigan. Serial sections (thickness: 5 um) were cut from the embedded tissue and
transferred onto pre-cleaned glass slides (Fisherbrand Superfrost Plus, Thermo Fisher
Scientific) for histological analyses. Tissue sections were stained with hematoxylin and
eosin (H&E) to visualize the overall tissue morphology. Tissue sections were
immunohistochemically stained using a rabbit anti-mouse Ki-67 primary antibody (ab15580,
Abcam, Cambridge, MA USA), rabbit anti-mouse CD31 primary antibody (ab182981,
Abcam), rabbit anti-mouse bFGF primary antibody (ab92337, Abcam), and rabbit anti-
mouse CD68 primary antibody (ab125212, Abcam). A goat anti-rabbit secondary labeled
polymer-horseradish peroxidase conjugate (Envision+ System-HRP (DAB), Dako North
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America, Inc., Carpinteria, CA USA) was used with all primary antibodies. Staining
specificity was confirmed by staining with only the secondary conjugate.

Stained tissue sections were imaged with an inverted microscope (Eclipse Ti-E, Nikon,
Melville, NY, USA) with 4x and 20x objectives, color digital camera (DS-Fi3, Nikon), and
associated software (NIS-Elements, Nikon). At the higher magnification, five fields of view
per tissue section were acquired in the upper and lower implant regions that captured the
implant-tissue interface and surrounding granulation tissue. Host cell migration into the
ARS was determined from the H&E images by measuring the distance cells traversed the
initially acellular implant from the ARS-host interface; a distance of zero indicated no cell
migration. Ki-67, bFGF, and CD68 images were analyzed in ImageJ (National Institutes of
Health, Bethesda, MD, USA) using custom macros that included a color deconvolution
plugin [32]. The following parameters were obtained: the density of Ki-67+ cells, the
average diameter of bFGF+ PSDE droplets within the ARS, the density of bFGF+ PSDE
droplets within the ARS, the area percent of the ARS that stained bFGF+, and the area
percent of tissue that stained CD68+. The density of blood vessels, defined as CD31+
structures possessing a lumen, were determined by trained readers in a blinded manner. For
parameters derived from Ki-67, CD31, and CD68 staining, upper and lower regions were
characterized from the panniculus carnosus to the ARS-host interface and from the ARS-
host interface to the underlying skeletal muscle, respectively. For parameters derived from
bFGF staining, upper and lower regions were characterized within the ARS relative to the
corresponding ARS-host interface.

2.7 Statistics

Statistical analyses were performed using GraphPad Prism software (GraphPad Software,
Inc., La Jolla, CA USA). All data are expressed as the mean + standard error of the mean of
measured quantities. The number of independent replicates (N) is listed within each figure
caption

Significant differences between groups were determined using a one-way ANOVA followed
by Tukey’s multiple comparisons test. A significance level of 0.05 was used. For
histomorphometric parameters, significant differences are indicated as follows. Significant
differences in the lower region are denoted by: a.: vs. fibrin; B: vs. fibrin + bFGF; -y: vs.
ARS (-ADV); 6: vs. ARS (+ADV whole); and e: vs. ARS (+ADV upper). In the upper
region, significant differences are by: C: vs. fibrin; n: vs. fibrin + bFGF; 6: vs. ARS
(-ADV); 1: vs. ARS (+ADV whole); and x: vs. ARS (+ADV upper). Significant differences
between PFC species are denoted by A and | for the lower and upper regions, respectively.
Significant differences among the LASCA data are denoted as follows: a.: fibrin vs. C6-ARS
(+ADV whole); B: fibrin + bFGF vs. C6-ARS (+ADV whole); -y: fibrin vs. C6-ARS
(-ADV); &: fibrin vs. C6-ARS (+ADV upper); e: fibrin + bFGF vs. C6-ARS (+ADV upper);
C: C8-ARS (-ADV) vs. C8-ARS (+ADV upper); n: C8-ARS (-ADV) vs. C8-ARS (+ADV
lower); 8: C8-ARS (+ADV whole) vs. C8-ARS (+ADV lower); and : fibrin + bFGF vs. C8-
ARS (+ADV lower).
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3. Results

3.1 ARS morphology and cell migration

The overall morphologies of the ARSs can be observed in H&E images (Figure 2A,
Supplemental Figure 2). In the absence of ADV, the C6-ARSs and C8-ARSs appear
relatively homogeneous. Round, micron-sized voids are visible due to the presence of
unactivated PSDE within the fibrin matrix. After ADV in C6-ARSs, large voids within the
fibrin matrix are visible, which are due to stable gas bubbles formed from C6-PSDE. The
pattern of bubble formation correlated with the pattern of ADV. Morphological changes
were more subtle in C8-ARSs following ADV. The micron-sized voids appear irregularly
shaped and slightly larger in size compared to the —ADV condition as well as correlated with
the pattern of ADV.

The distances that host cells migrated into the ARSs were quantified (Figure 2B). There was
significantly less migration (i.e., up to 1.9-fold; p < 0.0001) in all C6-ARS conditions
compared to fibrin only and fibrin+bFGF groups. There was no correlation between cell
migration and the pattern of ADV for C6-ARSs. Comparatively, there was significantly
greater cell migration (i.e., up to 1.8-fold (p=0.01) and 2.1-fold (0 < 0.0001) in the lower
and upper regions, respectively) in +ADV regions of C8-ARSs compared to control
scaffolds. In general, cell migration correlated with the pattern of ADV in C8-ARSs. For
example, for the +ADV upper pattern, there was significantly greater migration (i.e., 1.6-
fold; p=0.0008) in the upper region compared to the lower region. Additionally, there was
2.1-fold greater migration in the upper region when comparing +ADV upper versus +ADV
lower patterns (p=0.0001). When comparing C6-ARSs with C8-ARSs, there was greater
migration in most regions for the latter ARSs.

The morphology of the PSDE was evaluated by immunohistochemical staining of the bFGF
payload (Figure 3A, Supplemental Figure 3). Similar to the H&E images, the PSDE appear
as round, micron-sized structures with bFGF+ staining in the —~ADV groups. For the +ADV
groups with C6-ARSs, intact (i.e., unvaporized) PSDE is visible within both the ~ADV and
+ADV regions, including matrix regions surrounding the generated bubbles. In C8-ARSs,

the PSDE became more irregularly shaped and qualitatively larger in size in +ADV regions.

Based on the bFGF stained images, the following parameters were quantified: PSDE droplet
diameter (Figure 3B), PSDE droplet density (Figure 3C), and bFGF+ area percent (Figure
3D). The droplet diameters measured for —ADV conditions for both C6- and C8-ARSs
(Figure 3B) were not statistically different than the initial sizing values obtained for the
PSDEs using a Coulter counter. There were no significant differences among any of the Cé-
ARS conditions or regions. With C8-ARSs, there were significant differences that indicated
an increase in droplet size following ADV. For example, for the +ADV lower pattern,
droplets within the lower region were 39% larger than those in the upper region (0 =0.02), as
well as larger compared to the lower regions of the —ADV (i.e., 27%; p=0.01) and +ADV
upper (i.e., 33%; p= 0.003) patterns. With both C6- and C8-ARSs, there were significantly
less droplets in +ADV regions compared to —~ADV regions (Figure 3C). For example, when
comparing —ADV and +ADV whole patterns, there were up to 75% (p = 0.0006) and 70% (p
< 0.0001) decreases in density for C6-ARSs and C8-ARSs, respectively. When comparing
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identical patterns of ADV and regions, there were significantly more droplets for C8-ARSs
in some instances. However, this is likely due to initial differences in PSDE density. Though
not significantly different, there was a trend for a greater droplet density with C8- versus C6-
PSDE. A similar correlation was also observed with bFGF+ area (Figure 3D), where
generally, - ADV regions displayed significantly greater area compared to +ADV regions.

3.2 Cell proliferation and angiogenesis

Cell proliferation around the implants was assessed using immunohistochemical staining of
Ki-67 (Figure 4A, Supplemental Figure 4). Ki-67+ cells were present within the granulation
tissues surrounding the implants as well as host cells that had migrated into the implants.
The density of Ki-67+ cells was also quantified (Figure 4B). With C6-ARSs, significantly
higher densities of proliferating cells were observed in all +ADV regions compared to fibrin
only and fibrin+bFGF groups. Overall, greater proliferation was observed adjacent to +ADV
regions of the ARSs compared to —ADV regions. For example, with the +ADV lower pattern
in C6-ARSs, the density of Ki-67+ cells in the lower region was significantly greater (i.e.,
2.9-fold; p=0.0007) than in the upper region. Additionally, with C6-ARSs, there was 2.6-
fold more proliferation in the upper region of the +ADV upper pattern compared to the
upper region of the +ADV lower pattern (p = 0.0009). A similar correlation between +ADV
regions and cell proliferation was seen with C8-ARSs, though slightly less obvious than with
C6-ARSs. There were no differences between C6- and C8-ARSs when comparing identical
patterns of ADV and tissue regions. Furthermore, there were no significant differences when
comparing the ~ADV condition for C6- and C8-ARSs versus fibrin only and fibrin+bFGF
groups.

Angiogenesis was assessed by immunohistochemically staining the tissue samples for CD31
(Figure 5A, Supplemental Figure 5). The density of blood vessels, which were visible within
the granulation tissues surrounding the implants, was quantified (Figure 5B). The trends
observed with angiogenesis were similar to those observed with cell proliferation. In
general, significantly higher vessel densities were observed adjacent to +ADV regions of the
ARSs compared to corresponding —ADV regions. For C6-ARSs, the lower and upper
regions of the +ADV whole pattern displayed 2.8- and 4.2-fold more vessels than the same
regions of the —ADV condition (p=0.003; p< 0.0001). Tissue proximal to the +ADV
regions of the +ADV lower and +ADV upper exhibited 2.7- and 3.6-fold greater
angiogenesis than the corresponding distal areas adjacent to —ADV regions (p=0.02; p=
0.01). With the +ADV upper pattern, there were significantly more vessels (i.e., 2.7-fold; p=
0.0002) in the upper region compared to the upper region of the +ADV lower pattern.
Analogously, with the +ADV lower pattern, the vessel density was 3.7-fold higher in the
lower region compared to the same region with the +ADV upper pattern (p= 0.0001).
Similar findings were also seen with C8-ARSs.

3.3 Perfusion

In addition to the morphological evaluation of angiogenesis at day 14, perfusion in the
implant region was longitudinally monitored by non-invasive LASCA imaging (Figure 6A,
Supplemental Figure 6). The change in perfusion in the implant region was quantified using
ROIs (Figure 6B). With C6-ARSs, there was a greater decrease in perfusion on day 1 for all
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ARS groups compared to fibrin only and fibrin+bFGFs implants, with differences deemed
significant for ~ADV and +ADV whole patterns. The maximum change in perfusion for
fibrin only and fibrin+bFGF groups was observed on day 7. With the C6-ARS groups, the
maximum perfusion was observed on day 14 for ~ADV, +ADV whole, and +ADV upper
patterns, with significant increases relative to control scaffolds seen with the latter two
groups. There were overall smaller changes in perfusion with C8-ARSs compared to C6-
ARSs.

3.4 Macrophage infiltration

The presence of macrophages in and around the scaffolds was evaluated by
immunohistochemical staining of CD68 (Supplemental Figure 7A). Based on a quantitative
analysis of the images, no significant differences were observed between any of the groups
(Supplemental Figure 7B).

4. Discussion

The PFC species within the PSDE dramatically impacted the morphology of the ARS after
ADV and cell migration into the ARS. Based on classical nucleation theory, the threshold
bubble radius above which an ADV-generated bubble remains stable against condensation is
5.2 um for C6-bubbles [22]. The average diameter of the C6-PSDE used in this study was
larger than this threshold radius, thereby facilitating stable gas bubble formation.
Irrespective of size, a C8-bubble recondenses at physiological conditions due to its high
supersaturation ratio, which is the ratio of the vapor pressure within the bubble versus the
equilibrium vapor pressure. Despite the release of bFGF by ADV, stable bubbles within the
C6-ARSs hindered migration of host cells into the scaffold, which were previously
determined to be primarily fibroblasts and myofibroblasts [31]. Following ADV in C6-
ARSs, coalescence [33, 34] and in-gassing [18, 35] of the generated bubbles yielded sizes
that were larger than the value predicted based on an estimate using the ideal gas law for the
vaporization of micron-sized droplets (i.e., 46 um), which does not account for either
mechanism. In C8-ARSs, ADV caused coalescence of the PSDE as seen with the increase in
droplet diameter based on bFGF staining. Previously, expulsion of the W, phase by ADV
caused a decrease in the average droplet diameter within a C8-ARS containing 0.005% (v/v)
PSDE [22]. In this study, a higher concentration of PSDE within the C8-ARS (i.e., 2.8%
(v/v)) increased the likelihood for neighboring droplets to coalesce during ADV due to a
smaller inter-droplet spacing. With C8-ARSs, cell migration was significantly enhanced by
the release of bFGF with ADV and correlated with the pattern of ADV.

Stable bubbles within ARSs impact other properties such as matrix compaction, degradation,
and payload diffusion. For example, ARSs with PSDE containing perfluoropentane, which is
more volatile than C6, expanded considerably /n vitro following ADV [21]. Stable bubbles
within C6-ARSs were also shown to inhibit overall matrix compaction /n vivo compared to
C8-ARSs that compacted significantly [31]. Bubbles generated within C6-ARSs have been
shown to induce localized compaction and stiffening of the fibrin matrix adjacent to the
bubble, which was attributed to the strain stiffening behavior of fibrin [36]; irreversible
changes to matrix compaction were also observed in C8-ARSs after ADV, though changes
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were more subtle. Consistent with these structural and mechanical changes in C6-ARSs,
stables bubbles also inhibited fibrin degradation /n vitro [37], though this effect was not
observed /n vivo [38]. The rate of payload diffusion was also inversely related to the
concentration of bubbles within the ARS for payloads with minimal (e.g., dextran [21, 37])
and high (e.g., bFGF [30, 31]) binding affinities for fibrin.

The highest levels of proliferation and angiogenesis were observed adjacent to +ADV
regions of the ARSs, though neither metric displayed a dependence on the PFC species
within the ARS. This is similar to previous studies where the angiogenic response stimulated
by acellular fibrin scaffolds containing VEGF [3] or bFGF [39] was within the tissue
surrounding the subcutaneous implant, and not within the implant itself. Overall, regions
that displayed high densities of proliferating cells also exhibited high levels of angiogenesis,
which is consistent with the pleotropic effects of bFGF [40]. Compared to the fibrin + bFGF
group, significantly greater proliferation and angiogenesis were observed adjacent to the
+ADV regions of the ARSs, which is attributed to a slower rate of release of bFGF from the
ARSs [30, 31, 37]. Sustained release of bFGF has been shown to enhance angiogenesis
relative to burst release [41, 42]. Additionally, the lack of differences in CD68 staining
suggests that the PSDE did not significantly change properties of the fibrin matrix in regards
to macrophage infiltration [43].

For C6-ARSs, the changes in perfusion measured by LASCA imaging on day 14 correlated
with immunohistochemical quantification of angiogenesis, as demonstrated previously with
other subcutaneous implants [44]. The +ADV whole and +ADV upper patterns displayed the
largest change in perfusion as well as high densities of blood vessels adjacent to +ADV
regions. Comparatively, there was a high density of vessels in the +ADV region of the
+ADV lower pattern, but an insignificant change in perfusion. This could be related to the
penetration depth of the laser, which is in the range of 0.5-1 mm depending on the optical
properties of the tissue [45]. Thus, changes in blood vessel density and corresponding
perfusion at greater depths would not be detectable based on LASCA imaging. Interestingly,
with C8-ARSs, there were no correlation between measured perfusion on day 14 and
angiogenesis, despite having vessel densities that were not statistically different than the
corresponding C6-ARSs. There are four potential explanations for this. First, LASCA
imaging measures perfusion within the tissue, irrespective of whether the vessels are new or
pre-existing. In addition to stimulating angiogenesis, bFGF can also impact arteriogenesis
[46] which would impact pre-existing vessels and thus not necessarily increase vessel
density. Second, LASCA imaging relies on measuring backscattered signal [47]. Due to
differences in bubble formation in C6- and C8-ARSs, the optical properties of the ARS
could be impacting the backscattered signal. Third, differences in the thickness of the
granulation tissue overlying the ARSs could be impacting the LASCA imaging, as described
previously in terms of laser penetration depth. However, in this study (data not shown) as
well as others [31, 38], there were no significant differences in the thickness of the
granulation tissue. Fourth, CD31 staining confirms the structural presence of vessels
whereas LASCA images measures perfusion. Vessels can remain structurally intact prior to
flow-mediated pruning and regression [48].
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There are important factors to consider when comparing C6- versus C8-ARSs for
regenerative applications, which are closely linked to the formation of stable versus
transiently-stable bubbles. C8-ARSs facilitated host cell migration into the scaffold
compared to C6-ARSs. Thus, in scenarios where host cell migration is critical or if cells are
encapsulated into the ARS, it could be beneficial to minimize bubble formation or to
spatially localize bubble formation to influence cell behavior. Following ADV, the rate of
payload release is slower in C6-ARSs compared to C8-ARSs [31], which could be beneficial
in maintaining the microenvironmental concentration of growth factors [49]. The ADV
threshold in C6-ARSs is lower than in C8-ARSs [21], thus requiring lower acoustic
amplitudes to achieve payload release with the former ARSs. ADV can be achieved in C6-
ARSs using higher frequency ultrasound [22], thus enabling tighter localization of ADV and
the minimization of cavitation-related bioeffects.

A limitation of this study was the use of bilayer ARSs in combination with ex situ US to
generate the +ADV upper and +ADV lower patterns. This approach enabled precise
patterning of ADV within the respective layers. /nn situ patterning could be achieved with
real-time US image guidance such as cavitation mapping [50]. Based on the size of implants
used in mouse models, spatial patterning of ADV in the lateral dimension, versus the axial
direction as was done in this study, would be most realizable.

5. Conclusions

An US-based method termed ADV was used to modulate the release of bFGF from an ARS,
which caused a decrease in the density of PSDE within the scaffold. Following ADV, the
molecular weight of the PFC component of the PSDE significantly impacted scaffold
morphology and host cell migration into the implant. With C6-ARSs, stable gas bubbles
remained trapped within the fibrin matrix, which inhibited cell migration irrespective of the
pattern of ADV. Conversely with C8-ARSs, the release of bFGF in combination with the
lack of stable gas bubble formation enabled cell migration that spatially correlated with the
pattern of ADV. Significantly greater cell proliferation and angiogenesis was seen in tissues
adjacent to +ADV regions of both C6- and C8-ARSs compared to —~ADV regions. With C6-
ARSs, there was a correlation between angiogenesis and perfusion evaluated by LASCA
imaging. Overall, these results demonstrate how regenerative processes like angiogenesis
can be spatially directed using ARSs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

Vascularization is a critical step following implantation of an engineered tissue. The
ability to spatially pattern or direct vascularization could be therapeutically beneficial for
inosculation and vessel in-growth. However, acellular and cell-based strategies to
stimulate vascularization typically do not afford this control. We have developed an
ultrasound-based method of spatially-controlling angiogenesis using acellular, composite
hydrogels termed acoustically-responsive scaffolds (ARSs). An ARS consists of a fibrin
matrix doped with a phase-shift double emulsion (PSDE). An ultrasound-mediated
process called acoustic droplet vaporization (ADV) was used to release basic fibroblast
growth factor (bFGF), which was initially contained within the PSDE. We demonstrate
that spatially-defined patterns of ADV within an ARS can elicit spatially-defined patterns
of angiogenesis /n vivo. Overall, these finding can improve strategies for spatially-
controlling vascularization.
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Figure 1.
An ultrasound-based mechanism termed acoustic droplet vaporization (ADV) was used to

release basic fibroblast growth factor (b0FGF) from an acoustically-responsive scaffold
(ARS). A) bFGF was encapsulated within a phase-shift double emulsion (PDSE). At
subthreshold acoustic pressures (P < Papy), the perfluorocarbon (PFC) phase within the
PSDE remains a liquid. At suprathreshold acoustic pressures (P > Papy), the PFC phase is
vaporized into a gas bubble, which causes release of bFGF. Depending on the molecular
weight of the PFC, the generated bubble either is stable and continues to grow in size due to
in-gassing or is transient and recondenses back into liquid PFC. B) ARSs were generated by
incorporating the PSDE into a fibrin hydrogel. The ARSs were exposed ex situto four
different spatial patterns of ADV and then implanted subcutaneously in mice. As
demonstrated with immunohistochemical staining, angiogenesis correlated with the pattern
of ADV. The figure was created with BioRender.com
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Figure 2.

The morphology of the ARS after ADV and extent of host cell migration into the ARS were
dependent on the PFC species within the PSDE and pattern of ADV. A) H&E images of
ARSs explanted after 14 days reveal stable bubbles in C6-ARSs whereas no stable bubbles
were evident in C8-ARSs. Host cell migration was more evident in C8-ARSs. The white and
black arrows denote the upper and lower interfaces of the ARSs proximal to the overlying
skin and underlying muscle, respectively. Low magnification images are shown in
Supplemental Figure 2. B) The migration distance of host cells into the upper and lower
regions of the implanted scaffolds was quantified based on the H&E images. Data are
represented as mean + standard error of the mean (N=5 per group). Significant differences (p
< 0.05) are denoted by brackets and Greek letters, which are defined in section 2.7.
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Figure 3.
ADV impacted the size and density of the PSDE within the ARSs. A) Tissue sections were

immunohistochemically stained for bFGF and counterstained with hematoxylin. The white
and black arrows denote the upper and lower interfaces of the ARSs proximal to the
overlying skin and underlying muscle, respectively. Low magnification images are shown in
Supplemental Figure 3. The droplet diameter (B), droplet density (C), and bFGF+ area
percent (D) were quantified in upper and lower regions of the ARSs. Data are represented as
mean + standard error of the mean (N=5 per group). Significant differences (p < 0.05) are
denoted by brackets and Greek letters, which are defined in section 2.7.

Acta Biomater. Author manuscript; available in PMC 2022 July 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Huang et al. Page 20

A +ADY whollg +ADV upper +on lower
C6-ARSs
C8-ARSs
B C6-ARSs C8-ARSs
Fibrin a2, =1 Bl Lover
Fibrin + bFGF - — 3 Uoper
ARS (ADV) - =
ARS (+ADY whale) e Lno B
ARS [+ADV upper) En
ARS (+ADV lower) 3 Japry.e
0 1000 2000 3000
Cell density (f/mm?) Cell density (#/mm?)
Figure 4.

Cell proliferation around the ARSs correlated with the pattern of ADV. A) Tissue sections
were immunohistochemically stained for Ki-67 and counterstained with hematoxylin. The
white and black arrows denote the upper and lower interfaces of the ARSs proximal to the
overlying skin and underlying muscle, respectively. Low magnification images are shown in
Supplemental Figure 4. B) The density of Ki-67+ cells was quantified in adjacent tissues in
regions above (i.e., upper) and below (i.e., lower) the implants. Data are represented as mean
+ standard error of the mean (N=5 per group). Significant differences (o < 0.05) are denoted
by brackets and Greek letters, which are defined in section 2.7.
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Figure 5.
Angiogenesis around the ARSs correlated with the pattern of ADV. A) Tissue sections were

immunohistochemically stained for CD31 and counterstained with hematoxylin. The white
and black arrows denote the upper and lower interfaces of the ARSs proximal to the
overlying skin and underlying muscle, respectively. Low magnification images are shown in
Supplemental Figure 5. B) The density of CD31+ blood vessels was quantified in adjacent
tissues in regions above (i.e., upper) and below (i.e., lower) the implants. Data are
represented as mean + standard error of the mean (N=5 per group). Significant differences (p
< 0.05) are denoted by brackets and Greek letters, which are defined in section 2.7.
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Laser speckle contrast analysis (LASCA) imaging was used to monitor perfusion in the

implant region. A) Longitudinal images display an implanted C6-ARS (+ADV whole)
within a mouse, which was imaged in a lateral recumbent position. The white circle denotes
the region of interest (ROI) that was used for quantitative analysis. B) The change in

perfusion was quantified by calculating the average perfusion within an ROI at a given day
and then comparing it to the average perfusion on day 0. Data are represented as mean +
standard error of the mean (N=5 per group). Significant differences (p < 0.05) are denoted

by Greek letters, which are defined in section 2.7.
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