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Abstract

Pro-angiogenic growth factors have been studied as potential therapeutics for cardiovascular 

diseases like critical limb ischemia (CLI). However, the translation of these factors has remained a 

challenge, in part, due to problems associated with safe and effective delivery. Here, we describe 

a hydrogel-based delivery system for growth factors where release is modulated by focused 

ultrasound (FUS), specifically a mechanism termed acoustic droplet vaporization. With these 

fibrin-based, acoustically-responsive scaffolds (ARSs), release of a growth factor is non-invasively 

and spatiotemporally-controlled in an on-demand manner using non-thermal FUS. In vitro studies 

demonstrated sustained release of basic fibroblast growth factor (bFGF) from the ARSs using 

repeated applications of FUS. In in vivo studies, ARSs containing bFGF were implanted in mice 

following induction of hind limb ischemia, a preclinical model of CLI. During the 4-week study, 

mice in the ARS+FUS group longitudinally exhibited significantly more perfusion and less visible 

necrosis compared to other experimental groups. Additionally, significantly greater angiogenesis 
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and less fibrosis were observed for the ARS+FUS group. Overall, these results highlight a 

promising, FUS-based method of delivering a pro-angiogenic growth factor for stimulating 

angiogenesis and reperfusion in a cardiovascular disease model. More broadly, these results could 

be used to personalize the delivery of therapeutics in different regenerative applications by actively 

controlling the release of a growth factor.
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Introduction

Critical limb ischemia (CLI), an advanced stage of peripheral artery disease (PAD), is the 

third leading cause of atherosclerotic morbidity [1]. In CLI, arterial blockages reduce blood 

flow in the extremities, thus leading to chronic pain, numbness, limited mobility and tissue 

death. The gold standard in CLI treatment is surgical or endovascular revascularization. 

However, even with intervention, the prognosis for CLI patients is grim. Rates of restenosis 

can exceed 80% [2] and 29% of patients will either die or undergo a major amputation 

within one year of diagnosis [3]. Furthermore, 25% of CLI patients are ineligible for 

revascularization therapy because of existing co-morbidities [4]. Due to these limited 

options, experimental treatments have sought to improve tissue perfusion by stimulating 

the growth of new blood vessels to circumvent occluded vessels. One approach that has 

been evaluated in both preclinical [5–7] and clinical trials [8, 9] of PAD/CLI is the use 

of exogenous, pro-angiogenic growth factors (GFs) such as basic fibroblast growth factor 

(bFGF). However, conventional administration routes (e.g., intramuscular or intravascular 

injections) are ineffective for GFs, which have contributed to translational challenges [10].

Hydrogels are widely used within regenerative medicine to deliver GFs [11, 12]. These 

water-laden matrices have been shown to increase the in vivo half-life of GFs and facilitate 

angiogenesis. Release of a GF from a hydrogel is dominated by mechanisms like diffusion 

and matrix degradation [13]. As such, the ability to spatially and/or temporally control GF 

release from a conventional hydrogel is limited. Comparatively, endogenous pro-angiogenic 

GFs are expressed in spatiotemporally-regulated patterns during regeneration [14]. Upon 

implantation of a conventional hydrogel, the kinetics of GF release cannot be actively 

altered, which hinders the ability to personalize a GF therapy based on patient response.

We have developed a composite hydrogel that enables control of GF release using 

therapeutic, focused US (FUS). Globally, FUS is used clinically in both diagnostic 

and therapeutic applications [15]. FUS can be applied non-invasively, focused with sub

millimeter precision, and delivered in a spatiotemporally-defined manner to deeply located 

tissues. Our composite hydrogel, termed an acoustically-responsive scaffold (ARS), consists 

of a fibrin matrix containing a GF-loaded, phase-shift double emulsion (Figure 1A) [16, 

17]. Fibrin, a component of the provisional matrix during wound healing, can facilitate 

angiogenesis and is approved by the United States Food and Drug Administration as 

a hemostatic agent [18]. Fibrin is enzymatically degraded within the body by plasmin 
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and matrix metalloproteinases [19]. The phase-shift double emulsion has a water-in

perfluorocarbon (PFC)-in-water (W1/PFC/W2) structure. A water-soluble payload, like a 

GF, is contained within the innermost W1 phase. The PFC phase, which surrounds the W1 

droplets, is highly hydrophobic, thereby acting as a diffusion barrier for the encapsulated 

GF. PFCs, like perfluoro-n-alkanes, are used in biomedical applications since they are inert, 

non-metabolizable, and excreted via exhalation [20]. When exposed to FUS, the PFC phase 

is vaporized due to the tensile (i.e., rarefactional) part of the acoustic wave. This mechanism 

is known as acoustic droplet vaporization (ADV) and is a threshold-dependent process [21, 

22]; thus ADV occurs when the applied acoustic pressure (P) is greater than the threshold 

pressure for ADV (PADV). The double emulsion morphology of the phase-shift emulsion 

is disrupted by ADV, which releases the encapsulated payload [23]. Thus, ADV enables 

on-demand release of a GF from an ARS.

Previously, FUS-modulated release of bFGF from an ARS stimulated endothelial network 

formation in an in vitro co-culture model [24]. Additionally, when ARSs were implanted 

subcutaneously, FUS-stimulated release of bFGF caused increases in angiogenesis and 

perfusion [25]. Spatial patterning of ADV in an ARS, and hence bFGF release, was also 

shown to elicit spatially-directed, host cell migration following in vivo implantation [26].

In prior studies, ARSs were implanted in non-ischemic tissues. Here, we investigate for 

the first time the impact of bFGF release from an ARS in a murine model of hind limb 

ischemia (HLI) [27] - a widely-used, preclinical model of CLI (Figure 1B). bFGF was 

encapsulated in a phase-shift double emulsion and subsequently incorporated within an 

ARS. The effect of single versus repeated FUS exposure on bFGF release was initially 

evaluated in vitro. Subsequently, ARSs were implanted in mice following induction of HLI 

and ischemia as well as perfusion were longitudinally monitored during the 28-day study. 

Angiogenesis, fibrosis, and macrophage infiltration were assessed using histological and 

immunohistochemical staining.

Materials and Methods

Preparation of phase-shift double emulsion

Phase-shift double emulsions containing perfluorooctane (C8F18, CAS#: 307-34-6, Alfa 

Aesar) were prepared using a microfluidic chip (Cat#: 3200146, junction: 14 × 17 μm, 

Dolomite, Royston, United Kingdom) as previously described [26]. The W1 phase contained 

3.6 mg/mL human recombinant bFGF (Cat#: GF003AF, EMD Millipore, Temecula, CA, 

USA). The double emulsion was characterized in the range of 1–30 μm using a Coulter 

Counter (Multisizer 4, Beckman Coulter, Brea, CA USA) with a 50 μm aperture. The 

average diameter, coefficient of variation, and concentration of the double emulsion (N=3 

batches) were 5.8 ± 0.6 μm, 20.9 ± 7.4%, and (4.3 ± 0.8) × 109 droplets/mL, respectively.

Preparation of ARSs

A stock solution consisting of bovine fibrinogen (Sigma-Aldrich), reconstituted at 20 

mg/mL clottable protein in Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher 

Scientific, Waltham, MA, USA), and 0.1 U/mL bovine lung aprotinin (Sigma-Aldrich) was 
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degassed in a vacuum chamber. ARSs were prepared in custom, multi-well plates made 

by machining 9.5 mm diameter holes in a sheet of poly(methyl methacrylate) (85 mm × 

125 mm × 5.5 mm). To create a well bottom, Tegaderm membrane (3M Healthcare, St. 

Paul, MN, USA) was adhered to the bottom of the sheet. ARSs (total volume = 0.25 mL, 

diameter = 9.5 mm, height = 3.5 mm) were generated by combining the fibrinogen solution, 

additional DMEM, bovine thrombin (Thrombin-JMI, Pfizer, NY, NY, USA), and emulsion. 

The final composition of the ARS was 10 mg/mL fibrinogen, 0.05 U/mL aprotinin, 2 U/mL 

thrombin, and 3.3% (v/v) emulsion. Each ARS nominally contained 10 μg bFGF. Fibrin 

scaffolds with 10 μg of unencapsulated bFGF (i.e., fibrin + bFGF) were prepared similarly. 

All scaffolds polymerized for 15 minutes at room temperature prior to subsequent handling.

FUS exposure

In vitro and in vivo FUS exposures were conducted in a tank filled with degassed, deionized 

water at 37°C. ADV was generated using a calibrated, focused, single-element transducer 

(H147, 2.5 MHz, f-number = 0.83, radius of curvature = 50 mm, −6 dB focal width: 0.51 

mm, −6 dB focal length: 3.28 mm, Sonic Concepts, Inc., Bothell, WA USA). The transducer 

was connected to a computer-controlled, three-axis positioning system. Pulsed, acoustic 

waveforms were generated using a waveform generator (33500B, Agilent Technologies, 

Santa Clara, CA, USA) and a radiofrequency amplifier (GA-2500A Ritec Inc, Warwick, RI, 

USA). Tone bursts at 6.1 MPa peak rarefactional pressure, 5.4 μs pulse duration, and 100 

Hz pulse repetition frequency were used. This peak rarefactional pressure (i.e., free field in 

water) was previously shown to be suprathreshold for ADV within the ARSs [29]. During 

FUS exposure, the transducer was rastered at 5 mm/s with a 0.5 mm lateral spacing between 

raster lines [29].

In vitro release of bFGF from ARSs

Following polymerization, the ARSs were aseptically transferred to a 24-well BioFlex plate 

(Flexcell International, Burlington, NC, USA). The well bottom of the BioFlex plate consists 

of a silicone elastomer membrane (thickness: ~0.25 mm) with an acoustic attenuation of 0.7 

± 0.2 dB/cm/MHz [30], which insignificantly attenuated the 2.5 MHz FUS. Each ARS was 

overlaid with 1 mL of media consisting of DMEM with 100 U/mL penicillin, 100 μg/mL 

streptomycin, and 2.5 μg/mL amphotericin B (Life Technologies). The total height of the 

volume within each well (i.e., ARS and media) was approximately 0.7 cm. The plate was 

placed in a standard tissue culture incubator (37°C, 5% carbon dioxide). The following day 

(i.e., day 1), the plate was positioned in the water tank such that only the bottom of the 

plate was in contact with the water. The FUS transducer was located beneath the plate and 

a subset of the ARSs were exposed to FUS at three axial planes 3 mm, 2 mm, and 1 mm 

above the well bottom. The overlying media was sampled on day 0 and within an hour after 

FUS exposure (i.e., day 1 and onward) by collecting 0.5 mL of the media and replacing 

the collected volume with 0.5 mL fresh media. The plate was returned to the incubator for 

the remainder of the experiment. For a subset of the ARSs, the FUS exposure was repeated 

every 3 days. ARSs that were not exposed to FUS served as controls. The overlying media 

was periodically sampled for all three groups during the 14-day experiment. Sink conditions 

were maintained throughout the experiment since the loading of bFGF in each ARS (i.e., 

10 μg bFGF per 0.25 mL ARS with 1 mL overlying media) was lower than the bFGF 
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concentration in the W1 phase of the emulsion (i.e., 3.6 mg/mL). Release of bFGF into 

the overlying media was quantified using an enzyme-linked immunosorbent assay (ELISA) 

(DY233, R&D System, Inc., Minneapolis, MN, USA) using a mass balance approach [28].

Implantation of ARSs in the HLI model

This in vivo research was conducted with the approval of the Institutional Animal Care 

& Use Committee (IACUC) at the University of Michigan. Female BALB/c mice (N=78, 

57–70 days old, 20.4 ± 1.8 g, Charles River Laboratories, Wilmington, MA, USA) were 

acquired and housed for 4 weeks prior to use. Following anesthetization with isoflurane, 

the lower ventral hair on each mouse was removed by shaving and depilatory cream; 

the skin was subsequently disinfected with povidone-iodine. A skin incision was made 

in the left leg from the knee toward the medial thigh. Using silk suture (6–0, Ethicon, 

Somerville, NJ, USA), the proximal and distal ends of the femoral artery were ligated from 

the inguinal ligament to the bifurcation of the saphenous, genicular, and popliteal arteries, 

respectively. The femoral artery and its side branches between the ligatures were transected 

and excised. For experimental groups receiving implants, the hydrogel was placed at the site 

of femoral artery resection. In all cases, the wound was closed with interrupted nylon sutures 

(6–0, Ethicon). Based on B-mode ultrasound imaging (data not shown), each hydrogel was 

implanted at a depth of approximately 1.3–3 mm from the skin surface. Five experimental 

groups were interrogated: no intervention, FUS only, fibrin + bFGF, ARS, and ARS + FUS.

FUS was applied starting one day after induction of HLI (i.e., day 1) and repeated every 3 

days during the study. Following anesthetization with isoflurane, each mouse was secured to 

a platform at the top of the water tank in a prone position. The mouse was positioned on the 

platform such that the upper left leg was within the exposure window (1.2 cm × 1.8 cm) of 

the platform (Figure 1B). The FUS transducer was positioned beneath the exposure window 

and FUS was applied across the entire exposure window at three axial planes located 3 mm, 

2 mm, and 1 mm above the ventral surface of the mouse. The time required to complete 

the FUS exposure for each mouse was approximately 5 min. To account for any effects 

of repeated handling or anesthesia, groups not receiving FUS were exposed to sham FUS 

exposures.

Evaluation of ischemia

Ischemia was longitudinally scored in the left leg by modifying a semi-quantitative, visual 

scale [31]. The following 13-point scoring system was used: no necrosis or discoloration 

(13), 1 nail discoloration (12), ≥2 nail discoloration (11), 1 toe discoloration (10), ≥2 toe 

discoloration (9), foot discoloration (8), leg discoloration (7), 1 toe necrosis (6), ≥2 toe 

necrosis (5), necrosis in the anterior foot (4), necrosis in the posterior foot (3), necrosis in 

the lower leg (2), and necrosis in the upper leg (1). Mice that received a score of 1 were 

euthanized in accordance with our IACUC-approved protocol.

Evaluation of perfusion

Mice were anesthetized with isoflurane, placed in a supine position on a heated (i.e., 37°C) 

water blanket, and imaged with a PeriCam PSI HR (Perimed, Ardmore, PA USA) laser 

speckle contrast analysis (LASCA) system with Pimsoft software (Perimed). For each time 
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point, LASCA imaging was done prior to FUS exposure if both LASCA and FUS exposure 

were conducted on the same day. Image acquisition parameters were described previously 

[25]. Briefly, images were acquired at a rate of 0.096 images/s with a field of view of 

2.0 × 2.8 cm. At each time point, the left leg, right leg, left foot, and right foot of each 

mouse were imaged. With the acquired images of the leg, the average relative perfusion 

was computed within four regions of interest (ROIs): adductor muscle, calf muscle, femoral 

artery, and saphenous artery. The average relative perfusion was also computed within an 

ROI encompassing the foot. For each of the five ROIs, a perfusion ratio was calculated by 

normalizing the average relative perfusion in a given ROI within the ischemic (i.e., left) leg 

or foot by the same corresponding ROI in the normal (i.e., right) leg or foot. To account 

for variations in the position of the leg between different groups and/or time points, the 

placement of ROIs within each leg was adjusted based on anatomical features of the leg.

Histological Analyses

Mice were euthanized on either day 14 or 28 post HLI surgery. Mice that were prematurely 

euthanized prior to their intended, experimental endpoints were excluded from histological 

analyses. Muscle tissues from the left upper leg (LUL), left lower leg (LLL), right upper 

leg (RUL), and right lower leg (RLL) were harvested, fixed overnight in aqueous buffered 

zinc formalin, and later embedded in paraffin. Tissue sections were immunohistochemically 

stained for CD31 (ab182981, Abcam, Cambridge, MA USA) and CD68 (ab125212, 

Abcam). Additionally, in vitro ARSs were fixed on day 14, sectioned, and stained for 

bFGF (ab92337, Abcam). Staining was visualized using a polymer-horseradish peroxidase 

conjugate (Envision+ System-HRP (DAB), Agilent, Santa Clara, CA USA). Sections were 

also stained with Masson’s trichrome by the Tissue & Molecular Pathology Core at the 

University of Michigan.

Five fields of view per tissue section were acquired with an inverted microscope and a 20x 

objective (Eclipse Ti-E, Nikon, Melville, NY, USA). The densities of blood vessels, defined 

as CD31+ structures possessing a lumen, and macrophages, defined as punctate CD68+ 

structures, were determined in each stained section by at least two trained readers in a 

blinded manner. With Masson’s trichrome staining, the area percent of the tissue that stained 

positive for collagen (i.e., blue) was determined using a custom macro in ImageJ (National 

Institutes of Health, Bethesda, MD, USA)

Statistics

Statistical analyses were performed in GraphPad Prism software (GraphPad Software, 

Inc., La Jolla, CA USA). For in vitro experiments, release data were fit to a first-order 

exponential model of solute diffusion in a highly porous gel [29, 32]. The following 

parameters from this model are reported: the percentage of bFGF released at infinite time 

(Cmax) and rate constant (K). The 95% confidence intervals of Cmax and K are shown as 

S [SL, SH] where S is the average value, SL is the lower bound value, and SH is the upper 

bound value. In general, significant differences between groups were determined using a 

one-way ANOVA followed by Tukey’s multiple comparisons test. Significant differences in 

survival were determined using a log-rank test of Kaplan-Meier curves.
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Results

In vitro release of bFGF from ARSs

bFGF release from the ARSs was measured for 14 days (Figure 2A). Overall, release 

correlated with the number of times the ARSs were exposed to FUS. Significantly greater 

release was observed on day 1 for the two groups exposed to FUS versus the ARS control. 

For ARSs exposed to FUS every three days, significantly greater release was seen beginning 

on day 5, when compared to the group exposed to FUS only on day 1, at all matched time 

points. Cmax was 5.8% [5.6, 6.1], 7.6% [7.4, 7.7], and 11.6% [10.9, 12.4] for the ARS, ARS 

+ FUS (day 1), and ARS + FUS (every 3 days) groups, respectively. Multiple FUS exposures 

also yielded more extended release kinetics of bFGF; K was 1.8 day−1 [1.2, 3.1], 2.3 day−1 

[1.9, 3.0], and 0.3 day−1 [0.2, 0.4] for the ARS, ARS + FUS (day 1), and ARS + FUS (every 

3 days) groups, respectively.

Distinct morphological differences were observed in the ARSs in response to FUS exposure 

(Figure 2B). Qualitatively, the phase-shift emulsion in the ARS group appears more 

regularly shaped with a darker staining of bFGF. Comparatively, the emulsion in both +FUS 

groups demonstrated larger particles and a lighter staining for bFGF.

Improvement in Visual Ischemia

The left legs of the mice were longitudinally photographed during the study to enable visual 

score of ischemia (Figure 3A). Immediately after induction of HLI on day 0, the legs in all 

groups appeared discolored. For the no intervention, FUS, fibrin + bFGF, and ARS groups, 

discoloration persisted and necrosis was evident in some cases as early as days 6–7. For 

the ARS+FUS group, legs were still discolored at day 7, but qualitatively appeared more 

perfused than the other four groups. A noticeable improvement was seen in the ARS+FUS 

group beginning on days 10–14.

The ischemia scores for all groups are shown (Figure 3B). The ARS+FUS group displayed 

significantly greater scores (i.e., less ischemia) than the no intervention and FUS groups 

beginning on day 4, the fibrin + bFGF group beginning on day 7, and the ARS group 

beginning on day 10. The ARS+FUS group had higher scores compared to the other four 

groups from day 10 through day 28. Additionally, the ARS group exhibited significantly 

greater scores than the no intervention and FUS groups on day 7 and day 4, respectively.

Mice that displayed necrosis extending into the upper leg were euthanized prior to their 

intended, experimental endpoints (Supplemental Table 1). As such, Kaplan-Meier curves 

were generated for the five experimental groups (Figure 3C). A subset of mice in the 

no intervention, fibrin + bFGF, and ARS groups were euthanized prior to their intended 

endpoints; no mice were prematurely euthanized in the FUS and ARS+FUS groups. Losses 

were experienced between days 6 through 11. There were no significant differences among 

the survival curves (p = 0.11). Additionally, there were no significant differences in ischemia 

scores for no intervention, fibrin + bFGF, and ARSs groups when comparing scores for 

mice that reached the experimental endpoint versus all mice, including those that were 

prematurely euthanized (Supplemental Figure 1).
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Enhancement of Perfusion

LASCA was used to monitor perfusion in the legs and feet of the mice (Figure 4A). Prior 

to surgery, the femoral and saphenous arteries were distinctly visible in the leg. Immediately 

after induction of HLI, there was a dramatic decrease in perfusion. Qualitatively, all 

groups displayed a longitudinal increase in perfusion during the experiment. The greatest 

differences were observed in the ARS+FUS group, which displayed an increase in diffuse 

LASCA signal surrounding the femoral and saphenous arteries.

The LASCA images were quantified by calculating the average signal intensity within four 

separate ROIs within the left (i.e., ischemic) leg - adductor muscle, calf muscle, femoral 

artery, and saphenous artery - as well as one ROI for the left foot and then normalizing by 

the average ROI intensity in the right (i.e., control) leg/foot (Figure 4B). Since HLI was 

generated based on the excision of the femoral artery, angiogenesis typically occurs within 

the lower leg and calf muscle [33]. Perfusion within the adductor muscle [34] and foot [35] 

are indicators of collateral flow (e.g., arteriogenesis) and total leg perfusion, respectively.

The perfusion ratio for the calf muscle is shown (Figure 4C). The ARS+FUS group 

displayed significantly higher perfusion than the fibrin + bFGF and ARS groups beginning 

on day 7. From day 14 though day 28, the ARS+FUS group exhibited significantly greater 

perfusion when compared to the other four experimental groups, with a maximum perfusion 

ratio of 149. Comparatively, the maximum perfusion ratio (i.e., after surgery) among the 

other four groups was 88. A ratio of 100 indicates equivalent perfusion in the left and right 

ROIs. With the other four ROIs, all groups exhibited longitudinal increases in perfusion, 

though there were no sustained significant differences in perfusion (Supplemental Figure 2). 

Additionally, there were no significant differences in perfusion for no intervention, fibrin 

+ bFGF, and ARSs groups when comparing mice that reached the intended, experimental 

endpoint versus all mice, including those that were prematurely euthanized (Supplemental 

Figure 3).

Increased Angiogenesis

Blood vessel density was quantified in muscle tissue harvested on day 14 and day 28 using 

CD31 immunohistochemistry (Supplemental Figure 4A and Figure 5). On day 14, there 

was significantly greater angiogenesis in the LLL for the ARS+FUS group compared to the 

four experimental groups (i.e., 2.6 to 7.2-fold higher) as well as intact mice without HLI 

surgery (i.e., 7.7-fold higher) (Figure 5A and Figure 5B). On day 28, there was significantly 

greater angiogenesis in the LLL and RLL for the ARS+FUS group compared to the four 

experimental (i.e., 3.6 to 4.6-fold higher in LLL; 2.5 to 4.2-fold higher in the LUL) and 

control (i.e., 13.1- and 5.9-fold higher in the LLL and LUL, respectively) groups (Figure 

5C and Figure 5D). With the ARS+FUS group, there was significantly more (i.e., 2.5-fold) 

blood vessels in the LLL versus LUL on day 28; this difference was not significant on day 

14. Overall, with the exception of the no surgery group, greater vessel densities were seen in 

the left leg compared to the right leg.
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Decreased Levels of Fibrosis

Muscle sections from the LLL and LUL were stained with Masson’s trichrome (Figure 

6A) and quantified for the area percent of the tissue staining positive for collagen (i.e., 

blue) (Figure 6B). With intact mice (i.e., no surgery group), collagen staining was mainly 

present around blood vessels. In the experimental groups, more diffuse collagen staining 

was observed within the muscle fibers, which was an indication of fibrosis. The no 

intervention, FUS, fibrin + bFGF, and ARS groups displayed significantly greater collagen 

areas compared to control mice in both the LLL and LUL groups. The ARS+FUS group 

was not significantly different than control mice in both the LLL and LUL. There were no 

significant differences when comparing LLL versus LUL among any of the groups.

Macrophage Infiltration

The density of macrophages was quantified in muscle harvested on day 28 using CD68 

immunochemistry (Supplemental Figure 4B and Figure 7). Overall, there was a greater 

density of macrophages in the left leg compared to the right leg. There was a significantly 

higher density of CD68+ cells in the LLL versus LUL for the no intervention, FUS, 

and ARS+FUS groups. Additionally, a greater density was observed in the LLL of the 

ARS+FUS group compared to the four other groups.

Discussion

Multiple, suprathreshold FUS exposures triggered release of bFGF from ARSs implanted in 

the HLI model, which led to significantly greater perfusion in the calf muscle, angiogenesis, 

and recruitment of macrophages as well as less visible ischemia and fibrosis. Overall, these 

results are consistent with previous studies using the HLI model that showed an inverse 

correlation between therapeutic efficacy (e.g., angiogenesis, perfusion) and muscle fibrosis 

[36, 37] as well as infiltration of macrophages within the ischemic hind limb [38, 39]. As 

seen in the in vitro experiments, FUS exposures applied every three days yielded greater and 

more sustained release of bFGF from ARSs compared to a single FUS exposure or ARSs 

without FUS exposure. With ARSs, non-selective payload release (i.e., in the absence of 

FUS) correlated inversely with the molecular weight of the PFC in the phase-shift emulsion 

[29]. Similar to a previous study [26], a single FUS exposure yielded a burst release of 

payload from an ARS containing a perfluorooctane emulsion. The high boiling point of 

perfluorooctane (i.e., 100°C) prevented formation of gas bubbles that were stable after 

ADV at 37°C [28], which contributed to the faster release kinetics [29]. Here, repeated 

applications of FUS every three days enabled more extended release of bFGF. With a 

dextran payload, greater release was observed from ARSs with perfluorooctane emulsion 

when exposed to FUS at three axial planes versus a single plane on one day [29]. In previous 

microscopy-based studies with a fluorescent payload, a fraction of the encapsulated payload 

within each perfluorooctane droplet was released each time ADV disrupted the droplet 

morphology [28]. Consistent with bFGF staining in the in vitro ARSs, the high loading 

of emulsion within the ARS (i.e., 3.3% (v/v)), and hence close inter-droplet spacing, also 

facilitated coalescence of droplets during ADV/recondensation, as also observed previously 

[40]. In contrast, ADV generates stable gas bubbles in ARSs with phase-shift emulsions 

containing lower bulk boiling point PFCs [17]; this enables complete payload release from 
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a droplet in response to a single suprathreshold FUS exposure. However, the generation of 

stable gas bubbles within an ARS can lead to acoustic shadowing [26], thereby inhibiting 

subsequent FUS-based interactions with the ARS.

Despite having equivalent doses of bFGF, significantly greater therapeutic efficacy was 

observed with the ARS+FUS group compared to the ARS and fibrin+bFGF groups. In 

this study, each implant with bFGF contained 10 μg bFGF; comparatively, other studies 

investigating the therapeutic effect of bFGF delivery in the murine HLI model used doses of 

25 μg [6, 7]. Overall, it has been shown that the microenvironmental concentration of a pro

angiogenic factor, and not the total dose, is critical for blood vessel growth [41]. With the 

ARS group, more of the bFGF payload was retained within the phase-shift emulsion given 

the lack of FUS exposure. Release of bFGF from a fibrin hydrogel exhibits a burst release 

profile dependent on fibrin density as well as the concentrations of thrombin and heparin 

[5], the latter of which is attributed to bFGF binding to fibrinogen via heparin-binding 

domains [42]. Previously, we measured a K of 0.9–1.1 day−1 for bFGF release from a fibrin 

scaffold [24]. Comparatively, K was 3 to 3.7-fold lower for ARS+FUS. Thus, extended 

release of bFGF likely contributed to therapeutic efficacy, as demonstrated with bFGF 

released from heparin-conjugated fibrin [6] and heparin-conjugated, poly(lactic-co-glycolic 

acid) (PLGA) nanoparticles in fibrin [7]. Consistent with these and another study [5], our 

results demonstrate increased angiogenesis and decreased fibrosis at day 28 in response to 

treatment with bFGF. Significant increases in perfusion were observed beginning on day 

7, which is similar to studies delivering vascular endothelial growth factor (VEGF) and 

insulin-like growth factor 1 (IGF-1) from alginate hydrogels [31].

The highest density of CD68+ macrophages were also observed in the ARS+FUS group, 

which is potentially due to bFGF acting as a chemotactic factor for macrophages [43], and 

as will be discussed subsequently, the potential of FUS to stimulate macrophage infiltration. 

CD68 is a pan-macrophage marker and thus does not enable differentiation of M1 and M2 

macrophages. The long-term presence of M1 and M2 macrophages at the site of tissue 

damage has been associated with chronic inflammation and fibrosis, respectively [44]. In 

this study, the elevated level of macrophages in the ARS+FUS group did not correlate with 

fibrosis. Overall, the impact of the phenotypic spectrum of macrophages on angiogenesis 

and tissue regeneration is not fully understood and is an active area of research. M1 and 

M2a macrophages can secrete VEGF and PDGF-BB that stimulate endothelial sprouting and 

vessel maturation, respectively [45]. The shift from an M1 to an M2 phenotype can also 

enhance arteriogenesis [46].

In this study, application of FUS alone did not produce any significant impacts on 

therapeutic efficacy. However, previous studies have demonstrated therapeutic benefits 

of FUS in the HLI model. For example, low intensity continuous wave ultrasound (2 

MHz, 0.05 W/cm2 spatial average temporal average intensity (ISATA)) [47] and pulsed, 

focused ultrasound (1 MHz, 5.8 MPa peak rarefactional pressure, 1 ms pulse duration, 

and 5 Hz pulse repetition frequency) [48] increased limb perfusion, angiogenesis, and 

mRNA expression of vascular endothelial growth factor (VEGF) in Sprague-Dawley rats. 

In C57BL/6J mice, low intensity ultrasound (1 MHz, 0.3 W/cm2) increased perfusion, 

angiogenesis, as well as expression of VEGF, hypoxia inducible factor-1α, endothelial nitric 
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oxide synthase (eNOS), and p-Akt [49]. In intact C3H mice, pulsed FUS (1 MHz, 50 ms 

pulse duration, 1 Hz pulse repetition frequency, 133 W/cm2 ISATA) applied to the leg muscle 

increased macrophage infiltration and expression of various cytokines (e.g., IL-1α, tumor 

necrosis factor α) and growth factors (e.g., FGF, VEGF) [50]. It is important to note that 

differences in animal model/strain [51], surgical variations in the HLI model [52], and 

ultrasound parameters [53] have significant impacts on observed bioeffects in cardiovascular 

models. Compared to C57BL/6J mice, BALB/c mice – which were used in this study 

- are more prone to ischemic injury due to the presence of fewer pre-existing collateral 

vessels [54]. The ability of ultrasound to produce mechanical and thermal effects is highly 

dependent on acoustic parameters (e.g., frequency, pressure/intensity, pulse duration, and 

duty cycle) [15]. In the current study, FUS parameters were chosen based on the threshold 

for ADV in the ARS and to minimize the potential for heating by using a low duty cycle 

(i.e., 0.054%).

FUS has been previously used in combination with vascular drug delivery agents or 

cells in the HLI model. In C57BL/6J mice, PLGA nanoparticles loaded with bFGF 

were co-administered in the saphenous artery with a microbubble-based contrast agent 

and then exposed to pulsed ultrasound at 1 MHz [55]. Significantly more nanoparticles 

were deposited in the endothelium and the interstitial space between muscle fibers when 

co-administered with microbubbles and FUS. This single time point delivery of bFGF 

(administered dose: 0.65 μg) increased the caliber and density of collateral arterioles 

compared to a group receiving control nanoparticles and ultrasound, though no impact 

was observed on microvessel density. Comparatively, the bFGF dose used in the current 

study was higher and enabled extravascular release of bFGF due to the placement of the 

ARS at the wound site. Microbubbles in combination with ultrasound (1.3 MHz, mechanical 

index: 1.3, 1.3 kHz pulse repetition frequency) increased perfusion in C57BL/6J mice for 

over a day due to local release of adenosine triphosphate [56]. In both aforementioned 

examples, acoustically-driven cavitation, which has also been observed in ARSs [57], was a 

key underlying mechanism. In C3H mice, the tropism of infused human mesenchymal stem 

cells to ischemic muscle increased when administered in conjunction with pulsed FUS (1 

MHz, 10 ms pulse duration, 5 Hz pulse repetition frequency) due to upregulation of local 

chemoattractants [58].

There were some limitations to this study. First, the surgical technique used to induce HLI 

did not enable study of arteriogenesis, which can be enhanced by bFGF [59, 60]. Second, 

surgically-induced ischemia is pathophysiologically different than clinically-observed CLI. 

The former is induced acutely and as seen in the presented data, there is some observed 

reperfusion even without intervention; as such, interventions are often applied soon after 

induction of ischemia during surgically-induced inflammation [61]. The latter develops 

progressively over years and is strongly linked to many risk factors (e.g., diabetes) [10]. 

Thus, preclinical models that more closely reflect the clinical manifestation are needed to 

facilitate translation of new therapies [27]. Third, we did not interrogate a fibrin+bFGF+FUS 

group since in vitro data (not shown) suggested that FUS did not impact the release of 

bFGF from a fibrin implant (i.e., fibrin + bFGF). However as discussed previously, FUS can 

generate therapeutic effects in the HLI model, though typically at much higher duty cycles 

than used here. Fourth, we investigated the delivery of a single growth factor (i.e., bFGF). 
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However, sequential delivery of a second growth factor (e.g., PDGF) can assist with vessel 

stabilization by recruiting pericytes [62]. Future studies will investigate sequential delivery 

from ARSs in the HLI model, using previously developed strategies [28, 57, 63, 64].

Conclusions

We have demonstrated that FUS, specifically a mechanism termed ADV, can be used to non

invasively modulate release of bFGF from a fibrin-based ARS. bFGF was initially contained 

within a phase-shift double emulsion in the ARS. Sustained release of bFGF from the ARS 

was obtained by applying FUS every three days. FUS-induced release of bFGF yielded 

significantly greater perfusion in the calf muscle, angiogenesis, and macrophage infiltration 

compared to other experimental groups. Additionally, less visible ischemia and fibrosis were 

observed for the ARS+FUS group. Overall, these results highlight the promising therapeutic 

efficacy of ARSs in conjunction with FUS for stimulating angiogenesis and reperfusion in 

cardiovascular disease models.
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Figure 1. 
Focused ultrasound (FUS) was used to control release of basic fibroblast growth factor 

(bFGF) from an acoustically-responsive scaffold (ARS). The ARS consists of a fibrin 

matrix doped with a phase-shift double emulsion containing bFGF. The FUS-based release 

mechanism is termed acoustic droplet vaporization (ADV). A) At subthreshold acoustic 

pressures (i.e., P < PADV), the perfluorocarbon (PFC) phase within the emulsion remains 

a liquid. At suprathreshold pressures (i.e., P > PADV), the PFC phase is vaporized into a 

bubble, thereby causing release of the encapsulated bFGF. Due to its high bulk boiling point, 

the PFC used in this study ultimately recondenses [28]. B) An ARS was implanted at the 

site of femoral artery resection in mice. Suprathreshold FUS was transcutaneously applied to 

release bFGF, which subsequently stimulated angiogenesis and reperfusion. The figure was 

created with BioRender.com.
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Figure 2. 
In vitro release of bFGF from ARSs correlated with the number of suprathreshold FUS 

exposures. A) On day 1, ARSs containing 3.3% (v/v) bFGF-loaded, phase-shift emulsion 

were exposed to FUS either once or every three days (denoted by red arrows). Data 

are represented as mean ± standard deviation (N=5 per group). Statistically significant 

differences (p < 0.01) are denoted as follows. α: ARS + FUS (day 1) vs. ARS + FUS (every 

3 days). B) ARSs were immunohistochemically stained for bFGF. Brightfield images reveal 

morphological differences caused by FUS-induced vaporization of the phase-shift emulsion. 

Scale bar: 200 μm.
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Figure 3. 
The greatest therapeutic efficacy, as evaluated visually based on the level of discoloration 

and/or necrosis in the left leg, was observed in mice that received ARSs in conjunction with 

FUS applied every three days (i.e., ARS + FUS). A) Representative, longitudinal images 

of mice from the five experimental groups are shown. The ischemia score for each image 

is displayed as an inset. B) The level of ischemia was quantitatively scored across the 28 

day study. The ischemia score is inversely related to the amount of ischemia, with a score 

of 13 assigned to a healthy leg prior to surgery. Data are represented as mean ± standard 

error of the mean (N=12–13 per group for days 0–14 and N=6 for days 21–28). Statistically 

significant differences (p < 0.05) are denoted as follows. α: no intervention vs. ARS; β: no 

intervention vs. ARS + FUS; γ: FUS vs. ARS; δ: FUS vs. ARS + FUS; ε: fibrin + bFGF vs. 

ARS + FUS; and ζ: ARS vs. ARS + FUS. C) Kaplan-Meier curves are shown for the five 
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experimental groups. Mice that displayed necrosis exceeding the approved endpoint were 

euthanized, which occurred between days 6 and 11 of the study.

Jin et al. Page 20

J Control Release. Author manuscript; available in PMC 2022 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Perfusion was longitudinally tracked using laser speckle contrast analysis (LASCA) 

imaging. A) Representative, longitudinal images of mice from the five experimental groups 

are shown. B) Perfusion was assessed in four different regions of interest (ROIs) within the 

leg as well as in the foot (not shown). This image shows a leg prior to surgery. C) For each 

ROI, a perfusion ratio was calculated by normalizing the average relative perfusion in the 

ischemic limb by the normal limb. The longitudinal profiles for the calf muscle ROI are 

shown. Data are represented as mean ± standard error of the mean (N=12–13 per group 

for days 0–14 and N=6 for days 21–28). Statistically significant differences (p < 0.05) are 

denoted as follows. α: no intervention vs. ARS +FUS; β: FUS vs. ARS + FUS; γ: fibrin + 

bFGF vs. ARS + FUS; and δ: ARS vs. ARS + FUS.
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Figure 5. 
The density of blood vessels was assessed using CD31 immunohistochemistry on day 14 (A, 

B) and day 28 (C, D) within the left (i.e., ischemic) as well as right (i.e., normal) legs. Four 

different regions of muscle were analyzed: left lower leg (LLL), left upper leg (LUL), right 

lower leg (RLL), and right upper leg (RUL). All groups underwent HLI surgery except for 

the ‘no surgery’ group. Data are represented as mean ± standard error of the mean (N=6–7 

per group for day 14, N=6 for day 28, and N=4 for the ‘no surgery’ group). Statistically 

significant differences (p < 0.05) are denoted by brackets as well as the following symbols. 

α: LLL at day 14 vs. RLL at day 14; β: LLL at day 28 vs. RLL at day 28; γ: vs. ARS + FUS 

(LLL at day 14); δ: vs. ARS + FUS (LUL at day 14); ε: vs. ARS + FUS (LLL at day 28); 

and ζ: vs. ARS + FUS (LUL at day 28).
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Figure 6. 
Fibrosis was evaluated based on Masson’s trichrome staining. A) Representative images 

are shown from the left lower leg (LLL) and left upper leg (LUL) from the experimental 

groups on day 28 as well as control mice (i.e., ‘no surgery’). B) The area percent of each 

image that stained positive for collagen (i.e., blue) was quantified. Data are represented as 

mean ± standard error of the mean (N=6 for each experimental group and N=4 for the ‘no 

surgery’ group). Statistically significant differences (p < 0.05) are denoted as follows. α: vs. 

no surgery.
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Figure 7. 
The density of macrophages was assessed using CD68 immunohistochemistry on day 28 

within the left (A) and right legs (B). Four different regions of muscle were analyzed: left 

lower leg (LLL), left upper leg (LUL), right lower leg (RLL), and right upper leg (RUL). 

Data are represented as mean ± standard error of the mean (N=6 per group). An asterisk 

(*) denotes each group where zero CD68+ cells were counted. Statistically significant 

differences (p < 0.05) are denoted by brackets as well as the following symbols. α: LLL vs 

RLL; β: LUL vs. RUL; γ: vs. ARS + FUS (LLL); and δ: vs. ARS + FUS (LUL).
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