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a b s t r a c t 

Hydrogels are often used to study the impact of biomechanical and topographical cues on cell be- 

havior. Conventional hydrogels are designed a priori , with characteristics that cannot be dynamically 

changed in an externally controlled, user-defined manner. We developed a composite hydrogel, termed an 

acoustically-responsive scaffold (ARS), that enables non-invasive, spatiotemporally controlled modulation 

of mechanical and morphological properties using focused ultrasound. An ARS consists of a phase-shift 

emulsion distributed in a fibrin matrix. Ultrasound non-thermally vaporizes the emulsion into bubbles, 

which induces localized, radial compaction and stiffening of the fibrin matrix. In this in vitro study, we 

investigate how this mechanism can control the differentiation of fibroblasts into myofibroblasts, a transi- 

tion correlated with substrate stiffness on 2D substrates. Matrix compaction and stiffening was shown to 

be highly localized using confocal and atomic force microscopies, respectively. Myofibroblast phenotype, 

evaluated by α-smooth muscle actin ( α-SMA) immunocytochemistry, significantly increased in matrix 

regions proximal to bubbles compared to distal regions, irrespective of the addition of exogenous trans- 

forming growth factor- β1 (TGF- β1). Introduction of the TGF- β1 receptor inhibitor SB431542 abrogated 

the proximal enhancement. This approach providing spatiotemporal control over biophysical signals and 

resulting cell behavior could aid in better understanding fibrotic disease progression and the development 

of therapeutic interventions for chronic wounds. 

Statement of Significance 

Hydrogels are used in cell culture to recapitulate both biochemical and biophysical aspects of the na- 

tive extracellular matrix. Biophysical cues like stiffness can impact cell behavior. However, with conven- 

tional hydrogels, there is a limited ability to actively modulate stiffness after polymerization. We have 

developed an ultrasound-based method of spatiotemporally-controlling mechanical and morphological 

properties within a composite hydrogel, termed an acoustically-responsive scaffold (ARS). Upon exposure 

to ultrasound, bubbles are non-thermally generated within the fibrin matrix of an ARS, thereby locally 

compacting and stiffening the matrix. We demonstrate how ARSs control the differentiation of fibroblasts 

into myofibroblasts in 2D. This approach could assist with the study of fibrosis and the development of 

therapies for chronic wounds. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

M

h

1

∗ Corresponding author at: University of Michigan, 1301 Catherine Street, 3226A 

edical Sciences Building I, Ann Arbor, MI 48109-5667, USA. 

E-mail address: mfabiill@umich.edu (M.L. Fabiilli). 

1

c

s

p

ttps://doi.org/10.1016/j.actbio.2021.11.020 

742-7061/© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
. Introduction 

Cells respond to biophysical cues from their surrounding extra- 

ellular matrix. For example, lineage specification of mesenchymal 

tem cells is dependent on matrix stiffness [1–3] . Cancer cells dis- 

lay stiffness-dependent gene regulation that impacts response to 
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hemotherapeutics [4] and potential for metastasis [5] . The extra- 

ellular matrix has a critical role in mechanotransduction, varying 

patiotemporally based on homeostatic and pathological events [6] . 

ydrogels are used in 2D/3D cell culture to recapitulate both bio- 

hemical and biophysical aspects of the native extracellular matrix 

7] . Additionally, hydrogels are often utilized for the delivery and 

mplantation of cells for tissue regeneration [8] as well as in the 

evelopment of tumor models [9] . The stiffness of a hydrogel can 

e altered by changing the crosslinking density of the polymer net- 

ork. However, with a conventional hydrogel, there is a limited 

bility to actively modulate the stiffness after polymerization. 

Hydrogels whose biophysical properties can be spatiotempo- 

ally modulated can facilitate the study of dynamic biophysical 

ues on cell behavior [10] . One commonly-used approach is the 

ncorporation of photosensitive molecules within a hydrogel, en- 

bling control of crosslinking using ultraviolet light [11] . A previous 

tudy used a dual crosslinking method and a photomask to spa- 

ially pattern methacrylated hyaluronic acid hydrogels with elastic 

oduli from 3 kPa to 100 kPa, which impacted the morphology 

nd proliferation of mesenchymal stem cells [12] . Conversely, ul- 

raviolet light was also used to spatially pattern soft regions within 

oly(ethylene glycol)-based hydrogels, which impacted activation 

f YAP in mesenchymal stem cells [13] . 

Despite its high spatiotemporal resolution, light has a lim- 

ted ability to penetrate into tissues. This could hinder the on- 

emand modulation of photocrosslinkable or photodegradable hy- 

rogels after in vivo implantation. As an alternative, we have de- 

eloped composite hydrogels, termed acoustically-responsive scaf- 

olds (ARSs), that can be controlled using focused ultrasound in the 

egahertz range [14] . An ARS consists of phase-shift emulsion em- 

edded within a hydrogel matrix. The phase-shift emulsion con- 

ains a perfluorocarbon (PFC) liquid that vaporizes into a gas bub- 

le when exposed to ultrasound in a mechanism known as acous- 

ic droplet vaporization (ADV) [ 15 , 16 ]. Gas bubbles are formed non-

hermally within the PFC phase due to the rarefactional phase of 

he acoustic wave in combination with the use of an extremely 

ow duty cycle [ 17 , 18 ]. 

We previously demonstrated in fibrin-based ARSs that the fib- 

in surrounding each ADV-generated bubble becomes radially com- 

acted [19] , which decreased the local matrix porosity [20] . Based 

n atomic force microscopy, these consolidated regions of fib- 

in surrounding the bubble possessed significantly greater Young’s 

oduli compared to regions far from bubbles. For example, within 

ne hour of ADV, there was a 70% increase in stiffness adjacent 

o a bubble compared to distal regions. Based on the subsequent 

rowth of a bubble due to in-gassing, matrix regions proximal to 

he bubble exhibited a 20-fold increase in elastic modulus com- 

ared to distal regions four days after ADV. These results are con- 

istent with the strain stiffening behavior of fibrin [21] . 

ARSs have been used for the delivery of bioactive molecules 

hereby ADV released a payload encapsulated within the phase- 

hift emulsion [22–24] . However, the ability of ADV to modulate 

ell behavior within an ARS based on ADV-induced changes to 

he hydrogel matrix has not been explored. In this study, we in- 

estigate how ADV-induced matrix stiffening can spatiotemporally 

odulate differentiation of fibroblasts into myofibroblasts ( Fig. 1 ), 

 transition that has been shown to be stiffness dependent in 2D 

ulture [25] . Myofibroblasts are a fibroblast sub-type critical to 

he wound healing process, orchestrating wound closure through 

ontractile behavior and deposition of collagenous matrix [26–

8] . However, the sustained presence of myofibroblasts and ex- 

ess production of matrix is known to contribute to fibrotic scar- 

ing, tissue contractures, and organ dysfunction in myocardium, 

ungs, and intestines, amongst many others [29–31] . Additionally, 

ertain pathologies (e.g., idiopathic pulmonary fibrosis [32] ) are 

haracterized by spatial heterogeneity of scar tissue and normal 
134 
arenchyma. Conversely, insufficient levels of myofibroblasts have 

een implicated in the persistence of chronic wounds such as ul- 

ers [33] . Chemical agonists of myofibroblast fate have also been 

reviously established. For instance, cytokines such as transform- 

ng growth factor- β1 (TGF- β1) and tumor necrosis factor- α (TNF- 

) induce a myofibroblast phenotype in resident tissue fibroblasts 

34–39] . However, the interplay of mechanical and chemical stim- 

li on fibroblast phenotype is not fully understood. 

Here, we used confocal microscopy to characterize the impact 

f ADV on the microstructure of fibrin in an ARS and atomic force 

icroscopy to map the ADV-induced mechanical changes. Next, fi- 

roblasts were seeded on substrates with defined stiffnesses to 

ssess baseline cell proliferation and α-smooth muscle actin ( α- 

MA) expression, a marker of myofibroblast phenotype. We then 

eeded fibroblasts on fibrin-based ARSs and evaluated the impact 

f ADV-generated bubbles, which were produced using different 

ltrasound exposure conditions, as well as the effect of exogenous 

GF- β1 and TGF- β1 receptor inhibitor on α-SMA expression. 

. Materials and methods 

.1. Preparation of phase-shift emulsions 

Micron-sized, monodispersed phase-shift emulsions 

W 1 /PFC/W 2 ) were prepared using a microfluidic-based tech- 

ique as described previously [23] . Briefly, the W 1 phase consisted 

f phosphate buffered saline (PBS, Life Technologies, Grand Is- 

and, NY, USA) and the PFC phase was perfluoroheptane (C 7 F 16 , 

AS# 335-57-9, Sigma-Aldrich, St. Louis, MO, USA). The primary 

mulsion (i.e., W 1 /PFC) was stabilized by 2% (w/w) triblock fluoro- 

urfactant consisting of Krytox 157FSH (CAS# 51798-33-5, DuPont, 

ilmington, DE, USA) and polyethylene glycol (10 0 0 g/mol, CAS#: 

4991-53-5, Alfa Aesar, Ward Hill. MA, USA). The W 2 phase was 

0 mg/mL Pluronic F68 (CAS# 9003-11-6, Sigma-Aldrich) in PBS. 

he emulsion was characterized using a Coulter Counter (Multi- 

izer 4, Beckman Coulter, Brea, CA, USA) with a 50 μm aperture 

ube. The average diameter, coefficient of variation, and number 

oncentration of the emulsion were 12.98 ± 0.8 μm, 3.3 ± 0.9%, 

nd (3.5 ± 0.3) × 10 8 particles /mL, respectively. 

.2. Formation of ARSs 

ARSs were prepared by modifying a previously described 

ethod [40] . Bovine fibrinogen (Sigma-Aldrich) was dissolved at 

 mg/mL clottable protein in Dulbecco’s modified Eagle’s medium 

DMEM, Life Technologies). The fibrinogen solution was degassed 

nder vacuum to facilitate solubilization of the fibrinogen and to 

inimize dissolved gas. ARSs (total volume: 0.5 mL, diameter: 15 

m, height: ∼3 mm) were polymerized in 24-well BioFlex plates 

Flexcell International Co., Hillsborough, NC, USA) such that the fi- 

al concentrations of fibrin, bovine lung aprotinin (Sigma-Aldrich), 

mulsion, and recombinant human thrombin (Recothrom, Baxter, 

eerfield, IL, USA) were 4.5 mg/mL, 0.05 U/mL, 0.01% (v/v) (i.e., ∼
.5 × 10 4 droplets/mL), and 2 U/mL, respectively. Fibrin-only gels 

i.e., without emulsion) were prepared similarly. Acellular ARS pre- 

ared for confocal microscopy analysis also contained 39 μg/mL 

lexa Fluor 647-labeled fibrinogen (fibrinogen 647 , F35200, Molecu- 

ar Probes, Eugene, OR, USA). ARSs were then covered with 0.5 mL 

verlying media consisting of DMEM supplemented with 100 U/mL 

enicillin, 100 μg/mL streptomycin, and 2.5 μg/mL amphotericin B 

Life Technologies). For optical and mechanical characterization of 

cellular ARS, each well in the BioFlex plate was coated with 1% 

w/v) solution of bovine serum albumin (CAS# 9048-46-8, Sigma- 

ldrich) in PBS (f or ∼30 minutes) prior to polymerization of the 

RS to facilitate removal of the scaffolds. 
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Fig. 1. An acoustically-responsive scaffold (ARS), which consists of a phase-shift emulsion embedded within a hydrogel matrix, enables local modulation of stiffness using 

focused ultrasound. (A) A microfluidic chip was used to create emulsion by encapsulating a perfluoroheptane core in Pluronic F-68 surfactant. (B) The emulsion vaporizes 

into a gas bubble when ultrasound with a pressure exceeding the acoustic droplet vaporization threshold (i.e., P > P ADV ) is applied to the ARS. The generated bubble and its 

subsequent expansion due to in-gassing compacts the surrounding fibrin matrix, which causes stiffening. Normal human dermal fibroblasts (NHDFs) were plated on top of 

fibrin-based ARSs containing monodispersed emulsions either before (i.e., in situ ) or after (i.e., ex situ ) ultrasound exposure. (C) Representative images of NHDFs stained for 

nuclei (blue), F-actin (green), and α-SMA (red) on an ARS. The ultrasound-generated bubble is demarcated by a white circle (scale bars = 0.2 mm). The corresponding line 

plot of α-SMA intensity shows elevated signal proximal to the bubble. 
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.3. US exposure setup and parameters 

ADV experiments were all conducted in a water tank (30 cm x 

0 cm x 30 cm) filled with degassed, deionized water at 37 °C. A 

alibrated, focused transducer (H108, 2.5 MHz, f-number = 0.83, 

adius of curvature = 50 mm, Sonic Concepts Inc., Bothell, WA, 

SA) was driven at its fundamental frequency to cause ADV within 

he ARS. The axial length and lateral width of the ultrasound focal 

olume, measured at full width half maximum with a fiber optic 

ydrophone, were 3.9 ± 0.1 mm and 0.7 ± 0.1 mm, respectively. 

ulsed waveforms (peak rarefactional pressure: 6 MPa, pulse dura- 

ion: 5.4 μs; pulse repetition frequency: 100 Hz; duty cycle: 0.05%) 

ere generated by a function generator (33500B, Agilent Technolo- 

ies, Santa Clara, CA, USA) and amplified by a gated radiofrequency 

mplifier (GA-2500A Ritec Inc., Warwick, RI, USA). This peak rar- 

factional pressure was previously shown to be suprathreshold for 

DV within the ARS containing C 7 F 16 emulsion [40] . The generated 

mplified signals were viewed and monitored in real-time on an 

scilloscope (HDO4034, Teledyne LeCroy, Chestnut Ridge, NY, USA). 

The transducer was connected to a three-axis positioning sys- 

em controlled by MATLAB (The MathWorks, Natick, MA, USA) and 

ocalized axially with respect to the ARS using a pulse echo tech- 

ique described previously [41] . During ultrasound exposure, the 

ransducer was rastered at a speed of 5 mm/s with a 0.5 mm lat- 

ral spacing between raster lines. Exposures were done at three 

xial planes located 3 mm, 2 mm, and 1 mm above the well bot- 

om, with exposures completed from the top/distal (i.e., 3 mm) to 

ottom/proximal (i.e., 1 mm) direction. The time required to com- 

lete the ultrasound exposure for each ARS was approximately 5 

in. 

.4. Micromechanical characterization of acellular ARS 

Force-distance curves were acquired 1h post-ADV on ARSs (h: 

1 mm) using the TT-atomic force microscope (AFM Workshop, 
135 
A, USA). The samples were mechanically interrogated using a 

re-calibrated probe (nominal spring constant: 0.064 N/m, Novas- 

an, IA, USA) with a spherical glass bead (radius: 1 μm). Atom- 

cJ software ( http://sourceforge.net/projects/jrobust ) was used to 

onvert force-distance curves into force-indentation curves. The 

ompressive Young’s modulus was approximated from the force- 

ndentation curves using the Hertz model as described previously 

 20 , 42 ]. AFM measurements were performed in DMEM at room 

emperature. 

.5. Cell culture 

Normal human dermal fibroblasts (NHDFs, single donor, Lonza, 

alkersville, MD, USA) were cultured in complete media consisting 

f DMEM supplemented with 10% (v/v) fetal bovine serum (FBS, 

orning, Glendale, AZ, USA), 100 U/mL penicillin, and 100 μg/mL 

treptomycin. Media was exchanged every 2-3 days and cells were 

arvested below 80% confluence with trypsin-EDTA (Life Technolo- 

ies). Experiments were conducted with cells between passages 3- 

. 

To investigate the impact of substrate stiffness on NHDF be- 

avior, polydimethylsiloxane (PDMS) substrates (μ-Dish ESS, 35 

m diameter, ibidi, Martinsreid, Germany) with Young’s moduli 

f 1.5 kPa, 15 kPa, and 28 kPa were coated with fibrinogen [43] .

riefly, the substrates were overlaid with 1 mL of 0.8 mg/mL fib- 

inogen solution in 1 M Tris-HCl and incubated at 37 °C for 2 

. Fibrinogen 647 was used to confirm that this procedure yielded 

quivalent binding of fibrinogen for the substrates with differing 

oduli. NHDFs were seeded onto the substrates at a density of 

,600 cells/cm 

2 in complete media with or without 5 ng/mL TGF- 

1 (Cat#: 7754-BH, R&D Systems, Minneapolis, MN, USA). Experi- 

ents were also performed with NHDFs plated in starvation media 

onsisting of DMEM supplemented with 1% (v/v) FBS, 100 U/mL 

enicillin, and 100 μg/mL streptomycin. Additionally, cells were 

eeded in 24-well tissue culture plastic plates (TCP, Costar, Corn- 

http://sourceforge.net/projects/jrobust
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Table 1 

A summary of the experimental conditions is shown. 

Cell substrate Ultrasound Media Culture Exogenous TGF- β1 SB431542 

PDMS + TCP None Complete 5 d + /- - 

Fibrin None Complete 5 d + /- - 

Fibrin In situ Complete 5 d + /- - 

ARS None Complete 5 d + /- - 

ARS Ex situ Complete 5 d + /- - 

ARS In situ Complete 5 d + /- - 

PDMS + TCP None Starvation 3 d - + /- 

ARS None Starvation 3 d - + /- 

ARS Ex situ Starvation 3 d - + /- 

ARS In situ Starvation 3 d - + /- 
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ng) in both complete and starvation media. The media was ex- 

hanged every 2 days for all conditions. Cells were cultured for 5 

ays in complete media and 3 days in starvation media in a stan- 

ard tissue culture incubator (37 °C, 5% carbon dioxide). The exper- 

mental conditions for cell studies are summarized in Table 1 . 

For studies with ARSs, two different ultrasound exposure con- 

itions were investigated. First, an ex situ exposure was conducted 

herein the ARS was exposed to ultrasound to generate ADV. Sub- 

equently, NHDFs were plated on top of the gels at 2,600 cells/cm 

2 . 

econd, an in situ exposure was interrogated wherein NHDFs were 

lated on top of the ARS at 2,600 cells/cm 

2 for 1 hr prior to ul-

rasound exposure. ARSs not exposed to ultrasound served as con- 

rols. Studies were conducted in complete media with or without 5 

g/mL TGF- β1. Additionally, studies were completed in starvation 

edia with or without 10 μM SB431542 (CAS# 301836-41-9, Tocris, 

ristol, United Kingdom), an inhibitor of TGF- β1 receptor [44] . In 

ll cases, the media was exchanged every 2 days. Unless otherwise 

oted, cells were cultured for 5 days in complete media and 3 days 

n starvation media. As additional controls, NHDFs were plated on 

brin-only gels, with the same fibrin density as the ARSs, and ex- 

osed to no ultrasound or in situ ultrasound. 

.6. Cell staining 

Cells cultured on PDMS, TCP, fibrin gels, and ARSs were fixed 

n aqueous buffered zinc formalin (Z-Fix, Anatech, Battle Creek, 

I, USA) and permeabilized with 0.1% (v/v) Triton-X100 (Sigma- 

ldrich) in PBS. Triplicate washings with PBS were conducted be- 

ween steps. Constructs were then incubated in a blocking solution 

ontaining 0.1% (v/) Tween 20 (Sigma-Aldrich), 1% (w/v) bovine 

erum albumin, 10% (v/v) goat serum (Life Technologies), and 0.3 

 glycine (Sigma-Aldrich) in PBS. Subsequently, constructs were 

tained overnight at 4 °C with Alexa Fluor 555-labeled anti- α-SMA 

ntibody (1:400 dilution, ab202509, abcam, Cambridge, MA, USA) 

nd Alex Fluor 488-labeled phalloidin (1:400 dilution A12379, 

olecular Probes). The following day, constructs were washed in 

riplicate and stained overnight with 1 μg/mL 4,6 ′ -diamidino-2- 

henylindole (DAPI, Thermo Fisher Scientific, Waltham, MA, USA) 

n PBS. After triplicate washing, constructs were imaged. 

We also interrogated whether in situ ultrasound exposure 

aused relatively immediate changes to NHDFs cultured on fibrin 

els or ARSs. Cells were allowed to adhere for 1 hr prior to ultra- 

ound exposure. Within 30 min of completing the exposure, the 

edia overlying the constructs was replaced with fresh media and 

he constructs were stained with 16.2 μM Hoechst 33342 (Molec- 

lar Probes) and 15 μM propidium iodide (PI, Molecular Probes). 

onstructs were imaged soon after staining. Constructs that were 

ot exposed to ultrasound served as controls. 
136 
.7. Optical imaging and analysis 

To study the ADV-induced microstructural changes in the ma- 

rix, acellular ARS (h ∼3 mm) were imaged 1h post-ADV in a cell 

hamber (Attofluor, A7816, Thermo Fisher Scientific, Waltham, MA, 

SA) with a laser scanning confocal microscope (LSM800, Zeiss, 

leasanton, CA, USA) using a 40x objective. The laser power was 

et to the lowest non-zero setting (0.2%) to minimize saturation. 

ntensity measurements were performed on selected confocal im- 

ges using ZEN lite software (Zeiss). 

Cells and bubbles were imaged with an inverted microscope 

Eclipse Ti-E, Nikon, Melville, NY. USA) with a 10x objective lens 

nd acquisition software (MetaMorph, Molecular Devices, San Jose, 

A, USA). Cell density was quantified based on DAPI or Hoechst 

taining. The fraction of dead cells and/or cells with permeabilized 

embranes was determined based on PI staining. For each field of 

iew, a stack of α-SMA images was acquired using a 1 s exposure 

ime per image and then converted to a maximum intensity pro- 

ection image for subsequent analysis. Images were analyzed in Im- 

geJ (National Institutes of Health, Bethesda, MD, USA) by thresh- 

lding the cells based on the α-SMA signal and then computing 

he average intensity of the cells. For ARS, cells were analyzed in 

egions proximal and distal to the ADV-generated bubbles, which 

ere defined as regions within 0.1 mm and greater than 0.5 mm 

rom the bubble, respectively. These regions were defined based 

n considering the width of fibrin compaction observed in a prior 

tudy [20] and the dimensions of the NHDFs in 2D. 

.8. Statistics 

Statistical analyses were performed using GraphPad Prism soft- 

are (GraphPad Software, Inc., La Jolla, CA, USA). The number of 

ndependent replicates is listed in the caption for each figure. Sig- 

ificant differences between groups were determined using a one- 

ay ANOVA followed by Tukey’s multiple comparisons test. A sig- 

ificance level of 0.05 was used. 

. Results 

.1. Microstructural and micromechanical characterization of ARSs 

ost-ADV 

Prior to ADV, the fibrin network surrounding the phase-shift 

mulsion droplet (Ø: ∼13.5 μm), which appears dark, was visible 

ithin the ARS ( Fig. 2 A). The droplet was converted into a bub- 

le (Ø: ∼ 200 μm) by ADV, thereby consolidating the fibrin ma- 

rix surrounding the bubble and increasing the fluorescence signal 

ithin the matrix ( Fig. 2 B, C). 

The elevated fibrinogen 647 intensity at the bubble-fibrin inter- 

ace, due to the ADV-induced mechanical strain, can be seen in 

egions proximal to the ADV-bubble ( Fig. 2 D). The corresponding 
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Fig. 2. Acoustic droplet vaporization (ADV) resulted in local, radial compaction of fibrin surrounding the bubbles. Confocal microscopy images of acoustically-responsive 

scaffolds (ARSs) before (A) and 1-hour after (B) ADV. The fibrin matrix contained Alexa Fluor 647-labeled fibrinogen (fibrinogen 647 ). C) Maximum intensity projection confocal 

image of an ADV-generated bubble in an ARS. The region of interest (ROI) outlined in yellow dashed lines in (B) is enlarged in (D) and indicates significantly higher 

fibrinogen 647 intensity at the bubble-matrix interface. E) Line intensity measurements of fibrinogen 647 before and 1-hour after ADV are shown. The average intensity of 

fibrinogen 647 as a function of distance from the bubble interface (F) was computed by segmenting the matrix into ROIs, each having a length of 4 μm. The ROI most 

proximal to the bubble interface is outlined with red dashed lines in (D). Scale bar: 30 μm. 

Fig. 3. Atomic force microscopy was used to characterize micromechanical properties of acoustically-responsive scaffolds (ARSs) after acoustic droplet vaporization (ADV). 

A) An optical image of an ARS post-ADV shows four regions defined as: cantilever with a 2 μm glass bead (I), region proximal to the ADV-bubble (II), region distal to the 

ADV-bubble (III), and a 50 μm × 50 μm area selected for indentation mapping (IV). B) A comparison of force-indentation responses in regions II & III, indicates a significant 

difference in stiffness. C) The Young’s modulus was mapped in region IV. Scale bar: 100 μm. 
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ine intensity profiles of Fig. 2 A and B are shown ( Fig. 2 E), indicat-

ng locally enhanced fibrinogen intensity and formation of denser 

egions at the bubble-fibrin interface. To quantify the microstruc- 

ural changes, the confocal image in Fig. 2 D was segmented into 

6 regions of interest (ROIs), each having a length of ∼4 μm. The 

verage fibrinogen intensity decreased exponentially from the ROI 

roximal to the bubble to the most distal ( Fig. 2 F). 

ADV-induced micromechanical changes in ARSs were charac- 

erized using AFM. Typical force indentation responses in regions 

roximal (shown as region II in Fig. 3 A) and distal (shown as re-

ion III in Fig. 3 A) to the ADV-bubble are shown ( Fig. 3 B). To assess

he spatial variation in Young’s moduli, the moduli were mapped 

n a 50 μm × 50 μm area (shown as IV in Fig. 3 A) adjacent to a

ubble in an ARS ( Fig. 3 C). The lowest and the highest measured
137 
oung’s moduli in this area were 0.23 kPa and 6.7 kPa, respectively. 

hus, ADV generated highly localized increases in moduli. 

.2. Cell density and α-SMA expression on PDMS and TCP substrates 

ith complete media 

Representative images of α-SMA-stained NHDFs cultured on 

brinogen-coated PDMS substrates and TCP, with and without TGF- 

1, are shown ( Fig. 4 A). In general, cell density ( Fig. 4 B) correlated

ith substrate stiffness and the addition of TGF- β1. For all sub- 

trates, addition of TGF- β1 yielded significantly greater cell density 

ompared to the corresponding control condition without TGF- β1. 

 significantly higher cell density was seen on 28 kPa PDMS and 

CP substrates compared to 1.5 kPa and 15 kPa PDMS substrates. 
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Fig. 4. Cell density and α-SMA expression in NHDFs were dependent on substrate stiffness and the presence of exogenous TGF- β1. A) Fluorescence images of NHDFs, which 

were stained for α-SMA, cultured on fibrinogen-coated PDMS substrates with different Young’s moduli and tissue culture plastic (TCP). Cells were cultured for 5 days in 

complete media with or without 5 ng/mL TGF- β1. Scale bar = 0.25 mm. B) Cell density was quantified based on DAPI staining. C) The level of α-SMA expression was 

quantified based on immunocytochemical staining. All data are represented as mean ± standard deviation (N = 3 plates per group with 3-5 fields of view per construct). 

Statistically significant differences ( p < 0.05) between the same TGF- β1 conditions are denoted as follows: α vs. 1.5 kPa, β vs. 15 kPa, and γ vs. 28 kPa. A horizontal bar 

shows pairwise differences among + /- TGF- β1 conditions. 
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α-SMA expression of NHDF cells was enhanced as stiffness of 

he PDMS substrates increased ( Fig. 4 C). A significant increase in 

-SMA expression was noted between the 1.5 kPa and 28 kPa 

DMS substrates ( p = 0.007), as well as between the 1.5 kPa sub- 

trate and TCP ( p < 0.001). Interestingly, only the 1.5 kPa condition 

as significantly affected by the addition of exogenous TGF- β1 ( p 

 0.001). 

.3. Cell density and α-SMA expression on ARSs in complete media 

NHDFs were seeded onto fibrin-based ARSs either immediately 

fter ultrasound exposure (i.e., ex situ exposure) or one hour before 

xposure (i.e., in situ exposure) and cultured for 5 days in com- 

lete media. Representative α-SMA images for each exposure con- 

ition are shown ( Fig. 5 A). Cell density decreased when ultrasound 

as applied in situ compared to no ultrasound or ex situ exposures 

 Fig. 5 B). When cells seeded onto ARSs or fibrin gels were stained

mmediately after in situ ultrasound, no differences in cell density 

ere observed when comparing in situ ultrasound versus no ultra- 

ound conditions (Supplemental Fig. 1A). Additionally, the fraction 

f PI + cells adhered to the ARS was not significantly impacted by 

n situ ultrasound. 

In the absence of ultrasound ( Fig. 5 C), α-SMA levels of NHDFs 

n ARSs increased when the overlying media was supplemented 

ith 5 ng/mL TGF- β1 ( p = 0.047). For all conditions with ultra- 

ound exposure, irrespective of the addition of exogenous TGF- β1, 

xpression of α-SMA proximal to the ADV-generated bubble was 

ignificantly higher than in regions distal to the ADV-generated 
138 
ubble ( Fig. 5 D and E). With ex situ exposure ( Fig. 5 D), the dif-

erences between proximal and distal regions for + TGF- β1 ( p < 

.001) and -TGF- β1 ( p < 0.001) conditions were significant. With 

n situ exposure ( Fig. 5 E), the differences between proximal and 

istal regions for + TGF- β1 ( p = 0.004) and -TGF- β1 ( p = 0.03)

onditions were also significant. In situ ultrasound also increased 

he overall expression of α-SMA across both + /- TGF- β1 conditions 

ompared to the ex situ counterparts. For NHDFs cultured on fib- 

in gels, in situ ultrasound did not cause an increase in α-SMA, 

egardless of the addition of exogenous TGF- β1 (Supplemental Fig. 

). However, α-SMA increased significantly with the addition of ex- 

genous TGF- β1 to fibrin gels ( p < 0.001) for both no ultrasound 

nd in situ ultrasound). The sizes of bubbles in ARSs generated by 

DV were not significantly different when comparing ex situ versus 

n situ ultrasound (Supplemental Fig. 3A). 

.4. Cell density and α-SMA expression on PDMS and TCP substrates 

n starvation media 

Representative images of α-SMA-stained NHDFs cultured on 

brinogen-coated PDMS substrates and TCP in starvation media 

ithout addition of exogenous TGF- β1 are shown ( Fig. 6 A). Unlike 

he complete media conditions, cell densities did not significantly 

ncrease as matrix stiffness incremented ( Fig. 6 B). Additionally, cell 

ensity was significantly lower in starvation conditions compared 

o complete media conditions. There was no correlation between 

ubstrate stiffness and α-SMA expression ( Fig. 6 C), though levels 
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Fig. 5. α-SMA was elevated in NHDFs proximal to bubbles generated by acoustic droplet vaporization (ADV) compared to distal cells. A) Fluorescence images of NHDFs, which 

were stained for α-SMA, cultured on fibrin-based ARSs. Cells were plated on ARSs after exposure to ultrasound (i.e., ex situ exposure) or prior to exposure to ultrasound 

(i.e., in situ exposure, which generated ADV. Constructs were cultured for 5 days in complete media with or without 5 ng/mL TGF- β1. Bubbles, denoted by yellow circles, 

are observed in + ultrasound groups. Scale bar = 0.25 mm. B) Cell density was quantified based on DAPI staining. The level of α-SMA expression was quantified based on 

immunocytochemical staining for C) no ultrasound exposure, D) + ultrasound ( ex situ exposure), and E) + ultrasound ( in situ exposure) conditions. All data are represented as 

mean ± standard deviation (N = 3-5 ARSs per group with 3-5 fields of view per construct). For + ultrasound groups, cells were analyzed in regions proximal and distal to the 

bubbles, which are defined as regions within 0.1 mm and greater than 0.5 mm from the bubble edge, respectively. Statistically significant differences ( p < 0.05) between the 

same TGF- β1 conditions are denoted as follows: δ vs. -ultrasound condition, ε vs. + ultrasound ( ex situ exposure, proximal region), and ζ vs. + ultrasound ( ex situ exposure, 

distal region). A horizontal bar shows pairwise differences. 
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ere significantly elevated relative to corresponding complete me- 

ia conditions with + /- TGF- β1 ( Fig. 4 C). 

.5. Cell density and α-SMA expression on ARSs in starvation media 

NHDFs were seeded onto fibrin-based ARSs and cultured for 3 

ays in starvation media. Representative α-SMA images for each 

xposure condition are shown ( Fig. 7 A). There was a trend for cell

ensity to decrease when ultrasound was applied ex situ and in 

itu compared to no ultrasound exposure ( Fig. 7 B). The addition of 

B431542 yielded significant decreases in cell density for ex situ 

 p = 0.005) and in situ ( p = 0.03) ultrasound. When cells seeded

nto ARSs or fibrin gels were stained immediately after in situ ul- 

rasound, no differences in cell density were observed when com- 

aring in situ ultrasound versus no ultrasound conditions (Supple- 

ental Fig. 1B). Additionally, the fraction of PI + cells adhered to 

he ARS was not significantly impacted by in situ ultrasound. Com- 

ared to similar experiments in complete media (Supplemental Fig. 

A), significant decreases in cell density and increases in the frac- 

ion of PI + cells were observed in starvation media. 

In the absence of ultrasound ( Fig. 7 C), the addition of SB431542

aused a significant decrease in α-SMA levels of NHDFs on ARSs 

 p = 0.01). As observed in complete media, there was also an in-

rease ( p = 0.003) in α-SMA intensity proximal to ADV-generated 

ubbles compared to distal regions for the ex situ ultrasound expo- 

ure in the absence of SB431542 (i.e., vehicle) ( Fig. 7 D). However, 

ith the addition of SB431542, there was no significant difference 

etween proximal and distal α-SMA levels. Similarly, with in situ 
139 
xposure in the presence of SB431542 ( Fig. 7 E), there was no sig- 

ificant difference between proximal and distal regions. In the ab- 

ence of SB431542, there was a significant increase in α-SMA when 

omparing proximal and distal regions ( p = 0.004). With ARSs, the 

izes of bubbles generated by ADV were not significantly different 

hen comparing ex situ versus in situ ultrasound (Supplemental 

ig. 3B). 

. Discussion 

Myofibroblasts play a key role in the repair of connec- 

ive tissues like skin, bone, and cartilage. However, dysregula- 

ion of myofibroblasts can contribute to varied pathologies such 

s chronic wounds and fibrosis [26] . Elucidating the impact of 

patiotemporally-regulated biochemical and biophysical cues on 

yofibroblast differentiation could assist with understanding dis- 

ase progression and with the development of therapeutic inter- 

entions. Previously, normal human lung fibroblasts (NHLFs) cul- 

ured in 2D on collagen-coated polyacrylamide gels exhibited sim- 

lar α-SMA levels on gels with Young’s moduli of 0.5 kPa and 2 

Pa, but significantly elevated levels at 20 kPa [25] . Cell prolif- 

ration and α-SMA levels of NHLFs correlated with the Young’s 

oduli of protease-sensitive, dextran-based hydrogels in the range 

f 0.6 kPa to 6.1 kPa [45] . A similar correlation with α-SMA was

bserved with portal fibroblasts cultured on collagen-coated poly- 

crylamide gels in the range of 0.4 kPa to 12 kPa [46] . Furthermore,

ddition of exogenous TGF- β1 caused upregulation of α-SMA in 

uman gingival fibroblasts grown on TCP [47] . Our study exhibits 



E. Farrell, M. Aliabouzar, C. Quesada et al. Acta Biomaterialia 138 (2022) 133–143 

Fig. 6. α-SMA levels increased in NHDFs cultured in low serum media compared to complete media. A) Fluorescent images of NHDFs, which were stained for α-SMA, 

cultured on fibrinogen-coated PDMS substrates with different Young’s moduli and tissue culture plastic (TCP). Cells were cultured for 3 days in starvation media. Scale 

bar = 0.25 mm. B) Cell density was determined based on DAPI staining. C) The level of α-SMA expression was quantified based on immunocytochemical staining. All data 

are represented as mean ± standard deviation (N = 3 plates per group with 3-5 fields of view per construct). 
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imilar trends when NHDFs were cultured in complete media on 

brinogen-coated PDMS substrates and TCP. 

In this study, in situ ultrasound did not elevate α-SMA levels of 

HDFs plated on fibrin-only scaffolds. It is important to note that 

n fibrin-only scaffolds, ADV is not generated due to the absence 

f phase-shift emulsion. In contrast, NHDFs consistently displayed 

igher levels of α-SMA in regions proximal to an ADV-generated 

ubble compared to cells in distal regions when cultured in com- 

lete media and in starvation media without SB431542. This was 

ttributed to the stiffening of the matrix surrounding the bub- 

le, which was confirmed using atomic force microscopy. Within 

 50 μm x 50 μm area in the ARS, there was a 29-fold increase

n the Young’s modulus 1-hour post-ADV when comparing proxi- 

al and distal regions. Thus, ADV-induced stiffening of the matrix 

as hyperlocal with respect to the generated bubble. Previously 

e showed that the intensity as well as the full width half maxi- 

um of the hyperlocal region increased significantly over time, as 

 result of bubble growth, reaching a 20-fold increase in Young’s 

odulus on day 4 [20] . In complete media, the increase in α-SMA 

n proximal regions was seen irrespective of the addition of ex- 

genous TGF- β1. This could suggest involvement of autocrine TGF- 

1 signaling based on deposition of latent TGF- β1 [ 4 8 , 4 9 ]. α-SMA

evels increased when cells were cultured in starvation (i.e., low 

erum) media, which has been observed previously with differen- 

iation of cardiac fibroblasts [50] . 

For NHDFs cultured in complete media, exposure to in situ ul- 

rasound caused a significant increase in α-SMA compared to ex 

itu ultrasound . This could be a result of the interaction of ultra- 

ound with the NHDFs, specifically the generation of mechanical 

orces that can induce myofibroblast differentiation [51] . In skin fi- 

roblasts, low intensity pulsed ultrasound (1.5 MHz, 0.2 ms pulse 

uration, 1 kHz pulse repetition frequency, 0.03 W/cm 

2 , 11 min ex- 

osure) caused polymerization of F-actin and recruitment of pax- 
140 
llin to focal adhesions via activation of Rho kinase [52] . Following 

 10 min exposure to low intensity pulsed ultrasound (3 MHz, 20% 

uty cycle, 0.1 W/cm 

2 spatial average temporal peak), NHDFs cul- 

ured on TCP exhibited increased levels of α-SMA and TGF- β1 after 

4 h compared to non-exposed controls [53] . 

After culturing the ARSs for 5 days in complete media or 3 days 

n starvation media, groups exposed to ultrasound exhibited lower 

ell densities than corresponding groups without ultrasound expo- 

ure. This decrease was more evident for in situ exposure than for 

x situ exposure. However, cell density and the fraction of PI + cells 

n ARSs immediately after in situ exposure was not significantly 

ifferent than ARSs not exposed to ultrasound. Ultrasound-induced 

avitation of microbubbles [ 54 , 55 ] as well as ADV and subsequent

coustic cavitation [ 56 , 57 ] can increase cell membrane permeabil- 

ty for drug delivery (i.e., sonoporation) while also potentially im- 

acting viability under certain conditions. PI, an indicator of cell 

eath, is often used as a marker of sonoporation since it is im- 

ermeant to cells with intact membranes. Thus, the acoustic con- 

itions used in this study did not increase membrane permeabil- 

ty and/or cell death. Therefore, in situ exposure could be impact- 

ng other cellular processes such as the rate of cell proliferation 

r migration. With ex situ exposure, cells were plated onto the 

RS after the ultrasound exposure. Therefore, any impacts on cell 

ensity or behavior were not attributed to the direct interaction 

f the ultrasound and cells. Topographical changes to the surface 

f the ARS, which were induced by ADV, could have reduced the 

dherence of NHDFs when compared to ARSs without ultrasound 

xposure. The adhesion of human dermal foreskin fibroblasts de- 

reased on cellulose substrates containing micron-sized pits (diam- 

ter: 3-20 μm; spacing: 6-23 μm) compared to identical flat sub- 

trates [58] . Human mesenchymal cells grown on concave surfaces 

f poly(trimethylene carbonate) exhibited less contact area and in- 

reased migration speed compared to cells on flat surfaces; com- 
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Fig. 7. Inhibition of TGF- β1 receptor abrogated the increase in α-SMA levels observed proximal to bubbles generated by acoustic droplet vaporization (ADV). A) Fluorescence 

images of NHDFs, which were stained for α-SMA, cultured on fibrin-based acoustically-responsive scaffolds (ARSs). Cells were plated on ARSs after exposure to ultrasound 

(i.e., ex situ exposure) or prior to exposure to ultrasound (i.e., in situ exposure) to generate ADV. Constructs were cultured for 3 days in starvation media with or without 10 

μM SB431542, an inhibitor of TGF- β1 receptor. Bubbles, denoted by yellow circles, are observed in + ultrasound groups. Scale bar = 0.25 mm. B) Cell density was determined 

by DAPI staining. The level of α-SMA expression was quantified based on immunocytochemical staining for C) no ultrasound exposure, D) + ultrasound ( ex situ exposure), 

and E) + ultrasound ( in situ exposure) conditions. All data are represented as mean ± standard deviation (N = 3-5 ARSs per group with 3-5 fields of view per construct). 

For + ultrasound groups, cells were analyzed in regions proximal and distal to the bubbles, which are defined as regions within 0.1 mm and greater than 0.5 mm from the 

bubble edge, respectively. A horizontal bar shows statistically significant differences ( p < 0.05) between pairs. 
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aratively, cells on convex surfaces displayed greater nuclear de- 

ormation, increased levels of lamin-A, and greater osteogenic dif- 

erentiation [59] . Tensile forces can also increase the transition of 

broblasts to myofibroblasts [60] . 

The addition of SB431542, an inhibitor of TGF- β1 receptor, to 

tarvation media decreased α-SMA levels in the absence of ultra- 

ound exposure and abrogated the elevated α-SMA levels in prox- 

mal versus distal regions for both ex situ and in situ ultrasound 

xposures. These findings reveal that while TGF- β1 is necessary 

or establishing myofibroblast phenotype, exogenous TGF- β1 is not 

eeded; instead, endogenous TGF- β1 production induced by ma- 

rix stiffness is sufficient for prompting differentiation. 

There were some limitations to this study. First, myofibroblast 

ifferentiation was studied in 2D rather than 3D, which would 

ore closely mimic the microenvironment of a chronic wound 

r fibrotic tissue. Interestingly, differentiation in 3D was shown 

o correlate inversely with Young’s modulus in synthetic matri- 

es [45] . Second, studies were conducted with fibrinogen-coated 

DMS substrates and fibrin-based ARSs. Collagen, which also ex- 

ibits strain stiffening behavior [61] , has been used in other 

tudies of myofibroblast differentiation [62] . Thus, the impact of 

atrix chemistry and architecture warrants further investigation. 

hird, ADV-generated bubbles altered other parameters (e.g., ligand 

ensity, bubble-mediated curvature) in addition to matrix stiff- 

ess that could impact myofibroblast differentiation. Fourth, the 

rowth of a bubble generated by ADV consists of two phases: 
141 
he ultrasound-mediated conversion of liquid PFC into PFC va- 

or [63] and the subsequent growth of the bubble as it equili- 

rates with the local microenvironment [15] . The former occurs 

uch more rapidly than the latter. The relative contributions of 

ach phase to myofibroblast differentiation remains unexplored. 

ifth, ADV-induced mechanical changes to the ARS were studied 

n the absence of ADV-triggered payload delivery. However, the 

ombined stiffening of the matrix along with release of a rele- 

ant payload (e.g., TGF- β1) could enable the simultaneous study 

f spatiotemporally-modulated biophysical and biochemical cues, 

hich would be important in more closely recapitulating disease 

odels. 

Future studies investigating how properties of the emulsion, hy- 

rogel matrix, and ultrasound impact matrix stiffening as well as 

nduced biological responses are warranted. For example, in ad- 

ition to α-SMA, myofibroblasts also exhibit increased secretion 

f collagen [64] and fibronectin [65] . Overall, the demonstration 

hat dynamically changing mechanical cues in an ARS alter fibrob- 

ast behavior could be used in developing models of fibrosis and 

or therapeutic applications. Ultrasound can penetrate tissue and 

enerate ADV within implanted ARSs [22] . Thus, this technique is 

menable of impacting not only cells that are encapsulated within 

he ARS but also host cells that migrate into the ARS [ 23 , 24 ]. By

sing focused ultrasound, as done in this study, ADV can be gener- 

ted within sub-volumes of an ARS, thereby enabling the genera- 

ion of spatially patterned heterogeneities to influence cell behav- 
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or. Additionally, ADV-generated bubbles can be detected acousti- 

ally using B-mode imaging as well as non-imaging techniques like 

ctive and/or passive detection [66] , which could facilitate map- 

ing of myofibroblast differentiation within an ARS. 

. Conclusions 

Ultrasound was used to locally stiffen the fibrin matrix sur- 

ounding bubbles generated within an ARS. This radial stiffening, 

aused by the increase in particle size as the phase-shift emulsion 

as acoustically converted from a liquid droplet into a gas bubble, 

aused consolidation of the strain-stiffening fibrin matrix. NHDFs 

roximal to these stiffened matrix regions displayed higher levels 

f α-SMA expression compared to distal regions. This increase in 

-SMA occurred irrespective of the addition of exogenous TGF- β1, 

hereby suggesting that endogenous production of TGF- β1 was suf- 

cient for the induction of myofibroblast phenotype. 
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