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Abstract

Acoustically-responsive scaffolds (ARSs), which are composite fibrin hydrogels, have been used
to deliver regenerative molecules. ARSs respond to ultrasound in an on-demand, spatiotemporally-
controlled manner via a mechanism termed acoustic droplet vaporization (ADV). Here, we study
the ADV-induced, time-dependent micromechanical and microstructural changes to the fibrin
matrix in ARSs using confocal fluorescence microscopy as well as atomic force microscopy.
ARSs, containing phase-shift double emulsion (PSDE, mean diameter: 6.3 um), were exposed to
focused ultrasound to generate ADV — the phase transitioning of the PSDE into gas bubbles. As a
result of ADV-induced mechanical strain, localized restructuring of fibrin occurred at the bubble-
fibrin interface, leading to formation of locally denser regions. ADV-generated bubbles
significantly reduced fibrin pore size and quantity within the ARS. Two types of ADV-generated
bubble responses were observed in ARSs: super-shelled spherical bubbles, with a growth rate of
31 um/day in diameter, as well as fluid-filled macropores, possibly as a result of acoustically-
driven microjetting. Due to the strain stiffening behavior of fibrin, ADV induced a 4-fold increase
in stiffness in regions of the ARS proximal to the ADV-generated bubble versus distal regions.
These results highlight that the mechanical and structural microenvironment within an ARS can
be spatiotemporally modulated using ultrasound, which could be used to control cellular processes

and further the understanding of ADV-triggered drug delivery for regenerative applications.

Keywords: acoustic droplet vaporization, phase-shift emulsion, micromechanics, atomic force

microscopy, fibrin gels, microjetting, confocal microscopy, ultrasound
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1 Introduction

Conventional hydrogels used for tissue engineering possess uniform mechanical
properties, such as stiffness, and microstructural features, such as microporosity !. Therefore, after
fabrication or implantation, these a priori parameters cannot be dynamically changed externally.
Unlike conventional hydrogels, the extracellular matrix (ECM), which is the major component of
the cellular microenvironment, is a highly dynamic structure both spatially and temporally based
on homeostatic and pathological events. Cells respond to biochemical and biophysical cues within
native (i.e., ECM) and surrogate (i.e., hydrogel) microenvironments. Yet, the impact of these cues,
especially biophysical signals, on cell behaviors (e.g., migration, proliferation) has not been fully
elucidated. This has hindered the translation of many regenerative therapies. Thus, designing
hydrogels with mechanical and structural properties that can be tuned non-invasively and
spatiotemporally, via an externally-controlled mechanism, would be beneficial in understanding
the role of biophysical cues on cells, which ultimately could be used in directing regenerative

Processces.

Due to its temporal and spatial specificity, along with its non-invasive and on-demand
characteristics, ultrasound (US) is highly desirable for therapeutic applications >3. One application
of focused US is the phase transition of volatile perfluorocarbon (PFC) droplets into gas bubbles
in a process termed acoustic droplet vaporization (ADV) 4. The vaporization of the PFC liquid
using acoustic waves occurs above a threshold value of the rarefactional pressure (i.e., the ADV
threshold) at which the phase transition becomes energetically favorable. Upon ADV, the PFC
phase undergoes a volumetric expansion, which is approximately 125-fold in water for sufficiently
sized droplets > ©. The presence of a viscoelastic medium such as a surrounding hydrogel reduces

this expansion factor 7. The ultimate fate of the ADV-generated bubbles (i.e., re-condenstation,
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stable oscillation, or inertial cavitation) is determined by acoustic parameters such as excitation
pressure and oscillation period, as well as medium rheology such as elasticity ®°. In fluids such as
water, inertial cavitation (IC) occurs when the bubble grows to at least twice its original diameter,
followed by a violent collapse driven by the inertia of the fluid. We previously showed that ADV

occurred at lower rarefactional pressures than IC, indicating that phase transition precedes IC 1%

11

ADV can be spatiotemporally and non-invasively controlled using focused US pulses. We
have utilized ADV to control release of therapeutic agents encapsulated in phase-shift double
emulsions (PSDEs) with a structure of water-in-PFC-in-water (W,/PFC/W,). The deliverable
payload is contained within the innermost water phase (i.e., W;). US can disrupt the morphology
of the PSDEs by phase-transitioning the PFC phase, thereby releasing the payload. These PSDEs
can be incorporated into implantable fibrin scaffolds to produce a composite hydrogel, termed an
acoustically-responsive scaffold (ARS)!2. ARSs have been used in conjunction with ADV in both
in vitro and in vivo studies to control single and sequential delivery of fluorescently-labeled
dextran as well as regenerative growth factors (e.g., basic fibroblast growth factor (bFGF), platelet-

derived growth factor (PDGF)) as shown previously '3-17.

Although several studies have investigated the impact of bulk medium properties (e.g.,
elasticity and viscosity) on the ADV phenomenon (i.e., the ADV threshold)!® 18 19, the effect of
ADYV on the surrounding medium has been understudied. Changes in the mechanical properties of
ARSs post-ADV can affect the kinetics of payload release as well as fibrin degradation. We
previously showed that the presence of ADV-generated bubbles lowered the degradation rate of
ARS:s in an in vitro study, either due to hindered diffusivity or strain-induced stiffening in fibrin

13, Using dynamic shear testing, a 300% increase in shear stiffness for an ARS post-ADV was
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reported by Fabiilli et al'>. However, these studies were conducted using bulk characterization
methods which are insensitive to microscale mechanical heterogeneities. A better understanding
of ADV-induced micromechanical changes in ARSs could improve their design and performance

as well as broaden their application beyond drug delivery.

Here, confocal fluorescence imaging was used to visualize and quantify ADV-induced
changes in the microstructure of ARSs, such as pore size distribution, over time. Growth dynamics
and morphology of different ADV-generated features, such as spherical bubbles as well as
asymmetrically collapsed bubbles, were examined. Additionally, we used atomic force
microscopy (AFM) to study the spatial heterogeneity of the micromechanical properties of ARSs
before and after ADV. Ultimately, elucidating the mechanical and structural microenvironments
within the ARS could be used to control mechanically-induced cellular processes and further the

understanding of ADV-triggered drug delivery for regeneration.

2 Materials and Methods

2.1 Preparation and characterization of PSDE

The in-house manufacture of PSDE with a W;/PFC/W, structure has been described
previously'>. Perfluorohexane (C¢F4, CAS# 355-42-0, bulk boiling point: 56°C, Strem Chemicals)
was used as the PFC phase. A fluorosurfactant copolymer, synthesized using a 2:1 molar ratio of
Krytox 157 FSH (CAS# 51798-33-5, DuPont, Wilmington, DE, USA) and poly(ethylene glycol)
bis(amine) (MW: 1000 g/mol, CAS# 24991-53-5, Alfa Aesar, Ward Hill, MA, USA), was
dissolved at 2% (w/w) in PFC. The PFC solution was combined at 2:1 (v/v) with a W phase
containing 1.66 mg/mL Alexa Fluor 488-labeled dextran (AF;s, MW: 10,000 Da, Life
Technologies, Grand Island, NY, USA) in phosphate buffered saline (PBS, Life Technologies),

and then sonicated (Q55 with CL-188 immersion probe, QSonica, LLC, Newton, CT, USA) for



Soft Matter

30 seconds while on ice. To produce PSDEs, the primary emulsion (i.e., W{/PFC) and W, phase,
which was 50 mg/mL Pluronic F68 (CAS# 9003-11-6, Sigma-Aldrich, St. Louis, MO, USA) in
PBS, were pumped at 1 uL/min and 10 pL/min, respectively, through a quartz microfluidic chip
(Cat# 3200146, junction: 14 um X 17 um, Dolomite, Royston, United Kingdom), as shown in
Fig. 1(A). Using a Coulter Counter (Multisizer 4, Beckman Coulter, Brea, CA, USA) with a 50
pum aperture tube, the average diameter, coefficient of variation, and concentration of PSDE were

6.3 £0.06 um, 16.2 + 0.3%, and (7.1 = 1.1) x 10° particles /mL, respectively.

2.2 Preparation of ARSs

ARSs were prepared by first dissolving bovine fibrinogen (Sigma-Aldrich) in FluoroBrite
Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies) either at 20 mg/mL (for AFM
studies) or 5 mg/mL (for confocal studies) clottable protein while under gentle vortex mixing for
30 seconds. A lower fibrinogen concentration was chosen for confocal studies for better
visualization of microstructural changes in fibrin since the mesh size correlates indirectly with
fibrinogen concentration 2°. The fibrinogen solution and additional DMEM were degassed
separately in a vacuum chamber (Isotemp vacuum oven, Model 282A, Fisher Scientific, Dubuque,
IA, USA) at ~6 kPa for 60 minutes to minimize the amount of dissolved gas, which could act as
cavitation nuclei. ARSs were made by combining the prepared fibrinogen, DMEM, 0.005% (v/v)
PSDE, bovine lung aprotinin (Sigma-Aldrich), and bovine thrombin (Thrombin-JMI, King
Pharmaceuticals, Bristol, TN, USA). The final concentrations of fibrinogen, aprotinin, and bovine
thrombin in the ARSs were 10 mg/mL (2.5 mg/mL for confocal studies), 0.05 U/mL, and 2 U/mL,
respectively. To enable visualization of the matrix, 39 pg/mL Alexa Fluor 647-labeled fibrinogen
(fibrinogengs;) was added to each ARS prior to polymerization. Each well in the BioFlex plate was

coated with 1% (w/v) solution of bovine serum albumin (CAS# 9048-46-8, Sigma-Aldrich) in PBS
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(for ~30 minutes) prior to polymerization of the ARSs to facilitate removal of the scaffolds.
Aliquots (volume = 0.5 mL, height (h) ~3mm) of the ARS mixture were added to each well of 24-
well BioFlex plates (total well diameter: 15 mm, membrane thickness: 0.2 mm, and total height:
15 mm, Flexcell International, Burlington, NC, USA), and allowed to polymerize for 15 minutes

at room temperature (Fig. 1(B)).

‘W, phase H
(water-soluble surfactant) :

Fluorosurfactant

+ «
PSDE @ Fibrin US rasterin, H Vaporized PSDE Fibrin fiber = AFM probe
o) g H p p
Media Silicone US raster ves. W, phase ® Acoustically-driven Confocal ‘
membrane spacing microjetting imaging

Figure 1. (A) An image of the microfluidic chip showing the flow focusing geometry of the junction (14
um x 17 pm, highlighted in a yellow dotted box). The phase-shift double emulsion (PSDE) was generated
by pumping the inner (W/PFC) and outer (W,) fluids at 1 and 10 uL/min, respectively. The enlarged feature
displays a schematic of a PSDE loaded with Alexa Fluor 488-labeled dextran (AF,gs). (B) An acoustically-
responsive scaffold (ARS) containing perfluorohexane (Cg)-AF,55 PSDE in a BioFlex plate. The plate was
positioned on the surface of a water tank and ultrasound (US) was applied through the silastic well bottom.
(C) The top-down view of an ARS, US raster pattern, and lateral raster spacing are shown. (D) A schematic
displaying an ARS, with the left half exposed to US, and depicting the microstructural changes induced by
acoustic droplet vaporization (ADV). The ADV-induced features, spherical bubbles and asymmetrically
collapsed bubbles, as well as the resulting microstructural changes in fibrin were studied using atomic force
microscopy (AFM) and confocal imaging. L is the distance of the centroid of the droplet from the bottom
of the gel, and h is the total height of an ARS. Figures were created with BioRender.com.
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2.3 US exposure setup and parameters

All US experiments were conducted in a water tank (30 cm x 60 cm x 30 cm) filled with
degassed (12-22% O, saturation, where 100% O, means equilibrium with air), deionized water at
37°C. A calibrated, focused transducer (2.5 MHz, H-108, f-number = 0.83, radius of curvature =
50 mm, Sonic Concepts Inc., Bothell, WA, USA) was used to generate ADV within the ARSs.
Pulsed waveforms (2.5 MHz, pulse duration: 5.4 ps; pulse repetition frequency (PRF): 100 Hz;
duty cycle: 0.05%) were generated by a function generator (33500B, Agilent Technologies, Santa
Clara, CA, USA) and amplified by a gated radiofrequency (RF) amplifier (68 dB gain, GA-2500A
Ritec Inc., Warwick, RI, USA). The generated amplified signals were viewed and monitored in
real-time on an oscilloscope (HDO4034, Teledyne LeCroy, Chestnut Ridge, NY, USA). To reduce
the impedance mismatch between the transducer and the amplifier, a matching circuit (H108 3
MN, Sonic Concepts) was used. The transducer was calibrated in free field at the focus in the range
of 1.5-8 MPa peak rarefactional pressure (2-40 MPa peak compressional pressure) at the
fundamental frequency (i.e., 2.5 MHz), using an in-house fiber optic hydrophone (sensitivity: 16.6

mV/MPa) with a fiber diameter of 105 pm 2!.

Experiments were conducted by placing the BioFlex plate containing the ARSs in the water
tank such that only the bottom of the plate was in contact with water. ARSs were kept in the water
tank at 37°C for 15 minutes (verified by calculation of thermal boundary layer thickness) prior to
ADV studies to reach thermal equilibrium. The transducer was positioned under the plate and
connected to a three-axis positioning system controlled by MATLAB (The MathWorks, Natick,
MA, USA). The transducer was continuously rastered at 5 mm/s with a lateral spacing of 0.8 mm
(Fig. 1(C)). To localize the transducer axially with respect to the ARSs, a pulse echo technique

was utilized whereby the transducer was driven by a pulser-receiver (5077PR, Olympus, Center
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Valley, PA, US) at low pressures to avoid ADV. The axial focus of the transducer was positioned
and maximized with respect to reflections from the well bottom (silicone elastomer membrane
with a characteristic impedance (Z) of ~1.2 MRayl) as well as the overlying media-air interface (Z
~0.43 MRayl) 2. In addition to minimized reflections from the well bottom (due to the low acoustic
impedance mismatch), the measured US attenuation of this membrane (thickness ~0.2 mm) was
measured to be 0.7 + 0.2 dB/MHz/cm 23, indicating insignificant interference with the sound field
at this frequency. Beam characterization of the transducer at the focus, using the hydrophone,
yielded an axial length and lateral width at full width half maximum (FWHM) of 3.9 = 0.1 mm
(theoretical value: 3.28 mm) and 0.7 £ 0.1 mm (theoretical value: 0.51 mm), respectively, at 2.5
MHz . Since h ~3 mm, a single z-plane of exposure was used throughout the studies by placing
the focus of the transducer at mid-height in the ARSs. Unless otherwise noted, all acoustic
pressures are listed as peak rarefactional pressure (P;). In this study, all the US experiments were
conducted at P, = 8 MPa (peak compressional pressure = 40 MPa), which was suprathreshold for
both ADV (2.2 + 0.2 MPa) and IC (3.9 + 0.2 MPa) thresholds at 2.5 MHz !3-24, Control ARSs (i.e.,

ARS (-US)) were exposed to sham US.

For experiments involving exposing the ARSs to overpressure, ARSs were removed from
the 24-well plates post-ADV and placed separately in a 10 mL Luer-Lock tip air-filled syringe
connected to a differential pressure manometer (35 kPa, Extech, Melrose, Ma, USA) for one

minute. ARSs were imaged following compression.

2.4 Confocal imaging
For confocal imaging, ARSs and fibrin-only gels (h ~3 mm) were placed in a cell chamber
(Attofluor, A7816, Thermo Fisher Scientific, Waltham, MA, USA). Scaffolds were imaged with

a laser scanning confocal microscope with an environmental chamber (37°C) (LSM800, Zeiss,
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Pleasanton, CA, USA; C2+, Nikon, Melville, NY, USA) using 10x, 20x, and 40x objectives. To
study interactions of the ADV-generated bubbles with fibrin at the bubble-fibrin interface over
multiple timepoints, the laser power was set to the lowest non-zero setting (0.2 %) to minimize
saturation. To investigate the effect of bubble growth on the fibrin microstructure, a higher laser
setting (1%) was chosen for better visualization of the matrix. For time dependent qualitative and
quantitative analyses, ARSs were imaged 1-hour (1h) through 4 days (4d) post-ADV. ARSs post-
ADV were kept in a cell culture incubator (37°C, 5% carbon dioxide) over the timepoints studied

here.

2.4.1 Image analysis

Intensity measurements were performed on selected confocal images using ZEN lite
software (Zeiss). To determine a decay constant for the intensity profiles, the distance from the
bubble-fibrin interface was discretized into multiple regions of interest (ROIs) and the data were

fit to a one phase decay model as follows:
y= (yO - :Vmin) e(—K*x) + Ymin

where y, is the maximum intensity, y,,;, is the intensity at infinite distance, x is the position of the

ROI from the interface, and K is the rate constant ((ROI)™").

The FWHM thickness of intensity-distance profiles was calculated by excluding pixels

within the saturated region and fitting the intensity profiles with a Gaussian model as follows:

2

x—bi
=)

y= zn:aie[_(

i=1
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where a is the amplitude, b is the mean, c is related to the peak width, and 7 is the number of peaks

to fit.

To calculate pore size distribution within fibrin-only gels as well as ARSs post-ADV, the
resulting scaling factor (um/pixel) from the confocal images was used with a custom MATLAB
program. Details of implemented morphological and transform functions for image processing can

be found elsewhere 2526,

2.5 AFM sample preparation and measurements

ARSs (h ~ 1.5 mm) were immobilized on a 35 mm dish (PN#353001, Fisher Scientific)
using high-vacuum silicone grease (SKU# Z273554, Sigma-Aldrich). Force-distance (F-d) curves
were acquired on fibrin-only gels, ARSs (-US), and ARSs (+US) over predetermined time points
using the Nanosurf FlexBio AFM (Liestal, Switzerland) mounted on an inverted optical
microscope (Observer3, Zeiss). The samples were mechanically interrogated using a silicon nitride
cantilever (nominal spring constant: 0.046 N/m, HYDRA6V-200NG-TL-10, AppNano, Mountain
View, CA, USA) and a spherical glass bead (radius: 3 pm, 14910530, Corpuscular Inc, Cold
Spring, NY, USA) glued to the end of the cantilever. All AFM experiments were conducted in
contact mode. Prior to measurements, the cantilever spring constant was determined automatically
using the built-in thermal tuning method. Laser beam deflection sensitivity was calibrated on the
same substrate before the measurements. Cantilever speed was kept constant (~2 pm/s) for all the
measurements. Note that effects of scanning speed (0.5 to 3 um/s) and cantilever spring constant

(0.03 to 0.6 N/m) caused no significant variations in the AFM measurements 27- 28,

F-d curves were converted to force-indentation (F-0) curves, according to Hooke’s law,

using open source software, AtomicJ (http://sourceforge.net/projects/jrobust). The loading part of
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the curve was used for data analysis. Compressive Young’s modulus was approximated from the

F-6 curve, assuming a linear elastic material following Hertz model 2 3°:

where R is the radius of the incompressible spherical probe pushed down with a force (F) on
a flat, elastic surface, with Young’s modulus of E resulting in indentation of the surface, . The
Poisson ratio (v) can be determined from the volume changed during indentation and is usually
assumed to be 0.5 for cells and most hydrogels 3!-32. All AFM measurements were performed in
liquid DMEM at room temperature. ARSs post-ADV were kept in a cell culture incubator (37°C,

5% carbon dioxide) over the timepoints studied here.

2.6 Statistical analyses

Statistical analyses were performed using GraphPad Prism software (GraphPad Software,
Inc., La Jolla, CA, USA). The Shapiro-Wilk test was used to test normality of data. For those
failing the normality test, data are presented in the format S [S;, Sy] where S is median, S; is the
lower quartile and Sy is the upper quartile. The rest of the data are expressed as the mean =+ standard
deviation. The number of independent replicates is listed in the caption for each figure. Significant
differences between groups were determined using #-tests as well as one-way ANOVA followed

by Tukey’s multiple comparisons test, with a significance level of 0.05.
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3 Results and discussion

3.1 Confocal microscopy characterization
3.1.1 Time-dependent fluorescence intensity measurements in ARSs pre- and post-ADV

Figure 2(A) shows a confocal microscopy image of an ARS containing a PSDE (J: 5.3
um) (i.e., before ADV). The W, phase within the PSDE is displayed in green due to the presence
of AF 455 while the fibrin matrix, surrounding the PSDE, is shown in red due to the inclusion of
fibrinogeng,;. Fibrin-only gels, without PSDE, exhibited a similar homogeneous distribution of
fibrinogeng,; (not shown). The resultant ADV-generated bubble (& ~40 um) was imaged 1h post
ADV (Fig. 2(B)). The volumetric expansion of the PFC phase during ADV, successive
expansion and contraction cycles post-ADV, and further growth of the generated bubbles due to
in-gassing over the timepoints studied here induced repetitive localized strain to the fibrin gel,
resulting in local microstructural rearrangement of the fibrin network. If the forcing period (7),
which is the inverse of frequency (1), is much shorter than the stress relaxation time of fibrin ((),
strain continues to build up cycle after cycle of oscillation. { is given by the ratio of viscosity (
~50 mPaes) to shear modulus (~0.02 kPa) of the material (fibrin) !> 3334 Here, { is ~ 3 ms and t
~ 0.4 ps. A strain-dependent stress relaxation times of 1-300 s has been reported for collagen and
fibrin gels under creep studies 3. As shown in Fig. 2(B), consolidation of the fibrin at the
bubble-fibrin interface, likely due to the ADV-induced mechanical strain, resulted in an elevated
fluorescence intensity in those regions. The corresponding line intensity measurements for AFgg
and fibrinogengs; signals were performed on ARSs before and after ADV at the lowest confocal

laser power setting to minimize saturation (Fig. S1).
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Figure 2. Confocal microscopy revealed local compaction of fibrin surrounding the bubbles generated by
acoustic droplet vaporization (ADV). Images of acoustically-responsive scaffolds (ARSs) (A) before and
(B) 1-hour after ADV. The fibrin matrix contained Alexa Flour 647-labeled fibrinogen (fibrinogengss,
shown in red) while the phase-shift double emulsion contained Alexa Flour 488-labeled dextran (AF g,
shown in green). Line intensity measurements of AF 45 and fibrinogengs; (C) before and (D) 1-hour after
ADV. Scale bar:10 pm.

As seen by comparing Figs. 2(C) & (D), AF.gs intensity decreased significantly to almost
background noise 1h post ADV, indicating complete release of the payload, while fibrinogengs;
intensity increased significantly at the interface of the ADV-generated bubble and fibrin,
indicating formation of locally denser regions. Since the diffusion coefficient of AF4gg is ~10
mm?/s at room temperature in a 2.5 mg/mL fibrin gel 3, the fluorescent molecules would have

diffused ~0.5 mm within the ARS 1h-post ADV. Therefore, AF,33 would not be within the
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optical field of view around the bubble 1h-post ADV. However, parameters such as medium

rheology and volume faction of bubbles could impact the diffusion time scale!3- 14,

A) B)
8x104 T T T T T 15T T T T
— llh — 1d — 2d — 3d B
- B o
= 6x10% 4 E. o
3 S ;/ 10' { 1
2 axon - § £
S 2x10%4 . = .
o
0- 0 L L] L | |
300 200 -100 0 100 200 300 0 1 2 3
Distance (um) Time (Day)

Figure 3. Longitudinal growth of bubbles, generated via acoustic droplet vaporization (ADV), significantly
increased fibrin compaction at the fibrin-bubble interface in acoustically-responsive scaffolds (ARSs). (A)
Line intensity measurements of Alexa Flour 647-labeled fibrinogen (fibrinogengs;) in ARSs 1-hour (1h), 1-
day (1d), 2 days (2d), and 3 days (3d) post-ADV. Time-dependent intensity measurements were performed
on confocal images containing a single ADV-generated bubble (similar to Fig. S1(B)).(B) Gaussian fitting
was performed on the intensity-distance data from (A) to calculate the full width at half maximum (FWHM)
thickness of the high intensity region over time (n=5). Statistically significant differences (p < 0.05) are
denoted as follows: a: vs. 1h; B: vs. 1d.

Similarly, we quantified the change in the fluorescence intensity as well as the FWHM
thickness of the consolidated region as the ADV-generated bubble grew due to static diffusion
(i.e., in the absence of a changing pressure field) over time (Fig. 3). The fluorescence intensity at
the interface increased ~18.5-fold 1h post-ADV compared to pre-ADV levels. Additionally, the
intensity increased ~2-fold as the ADV-generated bubble grew from ~44 um 1h post-ADV into
~163 um on day 1 (Fig. 3(A)). The fluorescence intensity saturated on 2d and 3d. FWHM

thickness of the high intensity region, fit to a Gaussian function (section 2.4.1), increased
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significantly over time as shown in Fig. 3(B), indicating more consolidation of fibers around the

growing bubble.

A)
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Figure 4. Effect of acoustic droplet vaporization (ADV) on fibrin microstructure in different regions of
interest (ROIs) from the interface of the ADV-generated bubble. (A) Different ROIs (outlined in yellow
dashed lines), each having a length of 3.5 um, were defined on the confocal image (79.5 um by 79.5 um)
of an acoustically- responsive scaffold containing a single ADV-generated bubble. The image was taken
using a 40x objective with an optical zoom factor of 2x. (B) Intensity measurements of Alexa Flour 647-
labeled fibrinogen in 8 ROIs at 1-hour (1h) and 1 day (1d) post-ADV (n=3).

To elucidate the impact of the ADV-generated bubbles on fibrin microstructure, the
confocal image was segmented into 8 ROIs, each having a length of ~3.5 um, as displayed in
Fig. 4(A). Fibrinogengs; intensity decreased exponentially from the ROI proximal to the bubble-
fibrin interface (ROI 1) to the most distal (ROI 8). The decay constant (K, ROI'), fit to a one
phase decay model, was 2.2 and 1.6 after 1h and 1d, respectively (Fig. 4(B)). The lower decay on
1d compared to 1h was consistent with the statistical analysis showing that the significant
increase in intensity was one ROI (i.e., ROI 1) after 1h and two ROIs (i.e., ROI 1 & ROI 2) on
1d before reaching a plateau. This indicates that the region of influence by the growing bubble

Increases over time.
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To further examine the effect of ADV on the fibrin matrix, the pore size distribution was
calculated for fibrin-only (-US) (Fig. 5(A)) as well as an ARS post ADV (Fig. 5(D)). Pore size
analysis was implemented on the binary images of fibrin-only (Fig. 5(B)) and an ARS post ADV
(Fig. 5(E)). The corresponding pore size distribution of a fibrin-only gel is presented in
Fig. 5(C), showing an average pore size of 1.2 + 0.5 um, which is in agreement with the reported
average pore size of 1.69 + 0.33 um for fibrin (3.3 mg/mL fibrinogen) using ImageJ analysis 3’.
Furthermore, the presence of an ADV-generated bubble affected both the size and number of

pores locally as demonstrated in Fig. 5(F).

Unlike rubber-like elastomers or flexible polymers, fibrin is known to exhibit strain
stiffening 3% 3%, Previous studies reported densification of the fibrin network 4° and increases in
elastic 4 as well as loss 33 moduli in response to applied mechanical strain. Localized
densification of the fiber around an expanding air bubble in a microfibrous cellulose network,
visualized by particle image velocimetry, correlated inversely with fiber concentration, likely
due to more available space for fiber rearrangement in sparser networks #2. At a cellular level,
cells embedded in three-dimensional matrices (such as fibrin and collagen) exerted traction
forces (typically in the nN range) on their surroundings, driving the gel into a nonlinear, stress-
stiffened regime 434, In addition, cellular traction forces resulted in a highly condensed fibrin

network in a radial distance of ~30 um after overnight incubation 4.



A)

Soft Matter Page 18 of 36

B) ©)
Er‘ 2x103 T T T T T T T T
5
By
i 1.5x103 i
X 2
Fah 1x10°= -
B g ¥
S =
e foog 5x102+ -
0—
0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3.0 3.3
Pore size (LLm)
F) H
] 1 ] ] L] L] 1 1 ] ] L]
120 B ROIt WE ROLD
1004 -
_:g 80
g 60
z.
404
204
0-

0306091.2151.82.124273.033

Pore size (Lm)

Figure 5. The fibrin matrix and pore size distribution were impacted by a bubble generated via acoustic
droplet vaporization (ADV). 2D confocal images (79.5 pm by 79.5 um) of a fibrin-only gel (A) and an
acoustically-responsive scaffold (ARS) 24 hours post-ADV (D). The corresponding binary images are
shown in (B) and (E), respectively. The pore size distribution of fibrin-only gels (C) and an ARS (F) is
presented. The top and bottom regions of interest (ROIs), each having a length of 10 um, were chosen in
(D) to calculate and compare pore size distribution in regions proximal and distal from the bubble-fibrin
interface. (F) Representative pore size distribution of top ROI (ROI _t) and bottom ROI (ROI b) calculated
using image processing functions in MATLAB. Scale bar: 20 pm.

In our previous publication, we showed that ADV reduced the rate of fibrin degradation,
either as a result of hindered diffusivity or increased stiffness through bulk measurements !3. In
this study, we confirmed ADV-induced changes in the microstructure of the fibrin matrix, such
as locally increased fibrin density and reduced pore size distribution, through time dependent
confocal imaging. Considerable previous work has documented significance of mechanical (e.g.,
elasticity) and microstructural (e.g., pore size, fiber density) properties of the local

microenvironment on cellular behaviors such as spreading, directional migration, and



Page 19 of 36

Soft Matter

differentiation 4749, This suggests that ADV can be used as a tool to spatiotemporally tune the
kinetics of payload release (i.e., faster or slower release), degradation kinetics, directional

migration of cells, and regenerative processes in hydrogels '3 14,

3.1.2 Morphology of ADV-generated bubbles in ARSs

Depending on the vertical distance (L) of the PSDE with respect to the bottom of the well
(i.e., silicone elastomer, see Fig. 1(D)), different bubble responses were observed in ARSs post
ADV. Since the excitation pressure (P,= 8 MPa) was above the IC threshold (3.9 + 0.2 MPa), the
ADV-generated bubbles could collapse inside the ARS at or near the ARS-silicone elastomer
boundary. Figure 6 summarizes different bubble behaviors observed in ARSs using confocal
imaging. Spherical ADV-generated bubbles (Figs. 6(A) and (B)) were observed through the bulk
of the gel (L > ~300 um). Morphology of bubbles in a viscoelastic medium depends on the
interfacial tension and the surrounding medium rheology 3°. Mougin et al. showed that during
expansion, bubbles were more distorted (i.e., elongated) in a medium of high viscosity while
remained spherical in low viscosity fluids 3'. Since fibrin gels used in this study had similar bulk
modulus to that of water, as shown previously by measuring the speed of sound in fibrin (1497+
3.6 m/s) 2* and water (1483 m/s) 32, more spherical shapes are expected for ADV-generated bubbles
within fibrin gels. In gels of higher bulk modulus, non-circular bubbles were observed 3 days post-

ADV 33,
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Figure 6. Confocal images demonstrating bubble morphologies generated via acoustic droplet vaporization
(ADV) in acoustically-responsive scaffolds (ARSs). ADV generated different features depending on the
vertical distance from the bottom of fluorescently-labeled ARSs containing 0.005 % (v/v) perfluorohexane
double emulsion. (A) and (B) maximum intensity projection confocal images of ADV-generated spherical

bubbles. (C) 2D, (D) and (E) maximum intensity projection confocal images of asymmetrically collapsed
features. ARSs were imaged 1-hour post ADV. Scale bar: S0um.

Visual indications of possible asymmetrically collapsed ADV-generated bubbles were
observed at L<~300 um (Fig. 6 (C)-(E)). The proximity of the solid boundary affects the dynamic
response of bubbles in an US field. Interactions between a cavitating bubble and a nearby boundary
can induce microjetting, where the direction of jetting can be toward (rigid boundaries) or away

from (soft boundaries) the boundary, depending on the mechanical properties of the boundary,
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bubble size (R), and L *%. Microjet formation has been observed experimentally °7 and
numerically ** at nondimensional standoff parameter (L/R) ranging from 0.5-3. Larger standoff
distances would cause the bubble to oscillate more cycles before collapsing. Jetting toward or away
from an elastic wall was numerically observed at density ratios (Pyai /Pmedium) greater and less than
1.4, respectively 8. In this study an excitation pressure of 8 MPa (P;) was chosen since it resulted
in a higher ADV efficiency as shown in our prior publications '3 14, Acoustic parameters such as
excitation frequency, pulse duration, and the driving amplitude would likely impact both the
dynamics and resulting morphologies of the ADV-generated features. For a sufficiently sized
bubble, the number of cycles required for microjet formation decreased with the driving amplitude.
For a driving pressure beyond a threshold, microjets were produced in the first collapse cycle 7.
Microjet formation was also dependent on the ratio of the excitation frequency and the resonance
frequency of the bubble *°. Given the size of the ADV-generated bubbles in our study, microjet
formation may only be observed at low MHz frequencies. As will be discussed in the following
section, the probability of microjet formation increases as the inter-bubble distance decreases,
depending on the size and the phase difference of the oscillating bubbles % !, Therefore, higher
volume fractions of ADV-generated bubbles may result in higher fluid-filled macropore formation.
In addition to ADV-generated asymmetrically-collapsed bubbles, the size of the ADV-generated
stable bubbles inversely and directly correlate with the frequency of excitation and pulse duration,
respectively ©2. A systematic investigation is required to examine the effects of acoustic parameters
(as listed above), physical parameters (i.e., size and surface tension of PFC emulsion), and bulk

medium rheology (i.e., elasticity of the hydrogel matrix) on the ADV-generated features.
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3.1.3  Growth dynamics of ADV-generated features in ARSs

The growth of ADV-generated, spherical bubbles in ARSs was longitudinally monitored
using confocal imaging (10x). Assuming complete vaporization of the PFC phase and neglecting
in-gassing during ADV, a ~6.3 um PSDE (containing 67% (v/v) PFH) is expected to yield a ~20
um bubble . Figures 7(A) & (B) show maximum intensity projections of confocal z-stacks of
ARSs Th and 3d post ADV, respectively.The radius of the spherical bubble in the equilibrium state
(i.e., post US) increased due to transfer of dissolved gases (i.e., air) in the medium (i.e., fibrin)
across the interface. The average radii of ADV-generated bubbles reached 32.8 +£ 9.2 um (1h),
61.6+21.4 um (2d), 75.5+37.5 um (3d), and 88.5 um [86.0, 105.2] (4d). Bubble size significantly
increased over the time points studied here, resulting in a growth rate of ~31 pm/day (Fig. 7(C))
in diameter. The expansion ratios, with respect to the initial size of the PSDE (& ~6.3 um), were
~4 (1h), ~11(1d), ~21 (2d), ~26 (3d), and ~32 (4d). For a single lipid-coated PFC emulsion an
expansion factor of ~15 was reported within 15 minutes post ADV in water through optical
observations %, Bubble growth is determined by several parameters such as shell permeability,
surface tension, gas saturation, diffusivity of the inner gas, and the bubble volume fraction. For
PFCs, particularly with increasing carbon chain length such as PFH, the coefficients of diffusivity,
solubility, and permeability are significantly lower (orders of magnitude) than air, making it
favorable for the inward diffusion of air %0, Note that permeability decreases significantly as the
encapsulation thickness increases. Furthermore, Borden et al. showed that the shell-induced
resistance to gas transfer, rather than Laplace pressure, played the dominant role in bubble size
evolution ¢7. The ADV-generated bubbles in ARSs, irrespective of whether the initial Pluronic
shell was partially or completely retained, were surrounded by an extra layer of highly dense fibrin

(Fig. 2(B)) with a FWHM thickness in the micrometer range (see Fig. 4), resulting in superstable
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bubbles. In addition to hindered permeability due to encapsulation, the large size of these ADV-
generated bubbles (i.e., lower surface tension) increased their lifetime. Sarkar et al. showed that

an increase from 2 to 20 pm in bubble radius increased the dissolution time by a hundred .

Static diffusion governed the growth of these super-shelled, ADV-generated bubbles in
ARSs. As shown in Fig. 7 (C), the bubble’s initial growth was faster since it was controlled by the
initial partial pressure of air and PFH vapor and the resulting pressure gradient . Note that other

mechanisms such as coalescence or Ostwald ripening can influence the growth as well .
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Figure 7. Comparison of the growth dynamics of gas-filled and fluid-filled features generated in
acoustically-responsive scaffolds (ARSs) post acoustic droplet vaporization (ADV). Maximum intensity
projection of confocal images (1.28 mm by 1.28 mm) of ARSs containing 0.005% (v/v) perfluorohexane
emulsion (A) 1-hour (1h) and (B) 3 days (3d) post ADV. (C) Temporal evolution of the radius (R) of the
ADV-generated bubbles measured from confocal images (N=25). ADV-generated fluid-filled macropores,
resulting from acoustically-driven microjetting, after (D) 1h, and (E) 2d post-ADV showed no significant
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change in size. Maximum intensity projection of an ARS with a higher volume fraction (1% (v/v) of phase-
shift double emulsion at 1h is shown in (F). Scale bar: 100 pm.

Contrary to the growth of spherical bubbles, no significant change in the size of the
asymmetrically collapsed features was observed (Fig. 7(D) & (E)), indicating a gas-free
macropore. To further examine the gas and fluid content of the ADV-generated features, ARSs
(post-ADV) were exposed to an overpressure of ~35 kPa for one minute and then imaged
(Fig. S2). The asymmetrically collapsed features showed no significant change in size under static
compression while spherical bubbles were collapsed. The relative lack of change in the
conformations of structures after compression is consistent with the suggested mechanism of
microjetting. This demonstrates that ADV can generate stable bubbles as well as macropores, void
of gas possibly as a result of microjetting, within the hydrogel matrix in a spatiotemporal manner.
Presence of stable bubbles can be used to tune kinetics of degradation as well as payload release
as shown in our previous studies '3 79, The ability to spatiotemporally control macropore
generation in hydrogels in situ is desirable for many biomedical applications. One particular
application of macropores can be in tissue regeneration where a direct correlation between micro-

cavity density and vascularization has been reported 7!.

Note that in this study, a lower volume fraction of emulsion (0.005%) was chosen to facilitate
studies of isolated ADV-generated bubbles. We showed bubble-boundary interactions yielded
fluid-filled macropores. Apart from the presence of a solid boundary, parameters such as size and
inter-bubble distance and oscillation period can determine the morphology of collapse. Jetting can
also be observed between two oscillating bubbles depending on their separation distance and phase
difference % ¢, Increasing the volume fraction would enhance the probability of bubble-bubble

interactions. Figure 7(F) illustrates the confocal image of an ARS with 1% (v/v) PSDE 1h post
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ADV. This approach could be used to generate ADV-induced interconnected macropores within

ARSs, which is currently under investigation.

3.2 AFM mechanical characterization

AFM revealed the micromechanical heterogeneity of ARSs post ADV, on the scale of the
probe size. A typical F-d curve from an ARS post ADV is displayed in Fig. 8(A). The assumption
of a linear relationship between stress and stain is valid for small deformations, as can be seen. To
further assess the reproducibility of AFM measurements as well as the linear elastic assumption of
the Hertz theory, f-6 curves were obtained from the same location across consecutive loading and
unloading cycles. Representative sequential compression curves on fibrin-only gels (Fig. S3(A)),
ARSs (-US) (Fig. 8(B)), and ARSs (+US) (Fig. S3(B)) indicate that the samples were successfully
immobilized during the measurements and also restored their original shape after repeated loading
and unloading cycles (i.e., no plastic deformation). Young’s moduli (Fig. 8(C)) were 0.47 £ 0.07
kPa and 0.23 + 0.08 kPa for fibrin-only gels and ARSs containing 1% (v/v) PSDEs (-US),
respectively. Note that compressibility (k) of a medium is inversely proportional to the square of
speed of sound in that medium. PFC liquids are more compressible (k ~ 2.02 X 10 mes?/kg)
than fibrin (x ~ 4.45 x 10-'° mes?/kg) due to their low speed of sound (~500 m/s), resulting in a

lower Young’s modulus in ARSs (-US) - 72,
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Figure 8. Atomic force microscopy (AFM) was used to measure micromechanical properties of
acoustically-responsive scaffolds (ARS) before and after acoustic droplet vaporization (ADV). (A) A
typical force-distance curve for an ARS post ADV. Force-distance curves were converted to force-
indentation following Hooke’s Law. The compression curve (i.e., approach) was used to calculate Young’s
modulus according to the Hertz model. (B) Repeated compression curves on the same location in an ARS(-
US) resulted in no permanent deformation, demonstrating the linear elastic regime. (C) The average
Young’s moduli of fibrin-only gels and ARSs, containing 1% (v/v) perfluorohexane double emulsion, were
0.47 £ 0.07 kPa and 0.23 £ 0.08 kPa, respectively. Statistically significant difference (p < 0.05) is denoted
as follows: a: vs. ARS(-US).

For time-dependent micromechanical properties of ARSs containing 0.005% (v/v) PSDEs
post-ADV, two regions with and without bubbles (denoted as 3 and 2, respectively, in Fig. 9(A))
were chosen based on optical microscopy. The measured Young’s modulus increased significantly
(~70%) in the ADV-generated bubble region (1.6 + 0.6 kPa) compared to the non-bubble region
(0.46 [0.27, 0.51] kPa) 1h post ADV as shown in Fig. 9(B). This figure also displays the span of
Young’s moduli in the non-bubble region which is similar to the fibrin-only gel and ARSs (-US)
cases (Fig. 8(C)). The time-dependent Young’s moduli for the bubble region were 2.1 + 1.2 kPa
(1h), 2.2 £ 1.6 kPa (1d), 6.4 = 3.5 kPa (2d), and 8.9 + 4.4 kPa (4d). Similarly, for the non-bubble
region, Young’s moduli were 0.41 [0.27, 0.51] kPa (1h), 0.39 + 0.11 kPa (1d), 0.41 + 0.16 kPa
(2d), and 0.44 [0.27, 0.58] kPa (4d). The relatively large variability in Young’s modulus of the

bubble region in ARSs stems from the difference in distances of the ADV-generated bubbles from
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the surface. Due to objective magnification and working distance restrictions, it was not possible

to evaluate the depth of the bubbles.

Additionally, the longitudinal increase in Young’s modulus in the bubble-region agrees with
the increase in FWHM thickness of the high intensity region surrounding the ADV bubbles shown
in Fig. 3(B). Note that several groups reported much higher and size-dependent stiffnesses (in the
N/m range) and Young’s moduli (in the MPa range) through direct AFM measurements on contrast
microbubbles ?7- 3. Here, the measured values reflect the micromechanical properties of fibrin in
the vicinity of ADV-bubbles and PSDEs. This also has been confirmed by confocal images from
the surface of the ARSs (Fig. S4). In addition, using Stokes’ law, the terminal velocity of PSDEs
(density: 1400 kg/m?, average diameter: 6.3 um) was ~ 3 pm/s. Assuming a polymerization time

of 10 s, before viscosity increased significantly, PSDEs would settle ~30 um below the top surface.
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Figure 9. Atomic force microscopy (AFM) was used to investigate the time-dependent micromechanical
properties of acoustically-responsive scaffolds (ARSs) post acoustic droplet vaporization (ADV). The AFM
was mounted on an inverted optical microscope. (A) An optical image of an ARS 1-hour (1h) post ADV
shows the cantilever (1), non-bubble (2) and bubble (3) regions. (B) Calculated Young’s moduli, based on
the Hertz theory, of bubble and non-bubble regions of an ARS 1h post ADV. Summary of calculated
Young’s moduli on (C) the bubble and (D) non-bubble regions of ARSs as a function of time. Statistically
significant differences (p < 0.05) are denoted as follows: a: vs. Non-bubble region in (B), and a: vs. 1h; B:
vs. 1d in (C). Scale bar: 100 um.

The ADV-induced, local increase in the elastic moduli of ARSs - 5.2-fold (1h), 5.7-fold
(1d), 15.6-fold (2d), and 20.4-fold (4d) compared to the non-bubble regions at the same
timepoint - was consistent with strain-induced stiffening of fibrin gels 74. Storm et al. reported a
10-fold increase in the shear modulus of fibrin under strains as small as 20% 7°. Note that we

previously reported a 300% increase in shear stiffness for an ARS containing 1% (v/v)
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perfluoropentane emulsion post-ADV compared to sham-treated ARSs, using dynamic shear
testing 2. On a microscale level, cell-induced stiffening resulted in a 3-fold increase in the elastic

modulus of fibrin gels 4.

Since fibrin has a complex, hierarchical structure (i.e., fibers, protofibrils, and
monomers), different stress-response mechanisms are proposed depending on the amount of
strain. However, strain stiffening, characteristic of semiflexible filamentous networks, mainly
stems either from the nonlinear elasticity of single filaments (entropic model) resisting extension,

or alignment of fibers in the direction of strain (nonentropic model) 3% 76.

Cells sense and respond to the micromechanics of their surroundings 77 78, Increased substrate
as well as fiber elasticity significantly altered cell spreading, proliferation, and differentiation 7*-
81, ADV-induced stiffness in ARSs both on a microscale, which was investigated here, and a bulk
level, which was previously shown 2, can allow design of scaffolds with tunable mechanics in a

spatiotemporally-controlled manner.

4 Conclusions

We have studied time-dependent, micromechanical and microstructural properties of ARSs
post-ADV through confocal imaging and AFM. As a result of ADV-induced mechanical strain,
localized restructuring of fibrin occurred at the bubble-fibrin interface, forming locally denser
regions. The intensity as well as the FWHM of this region increased significantly over time,
indicating a correlation between fibrin compaction and bubble growth. Additionally, the presence
of an ADV-generated bubble significantly reduced both size and number of pores in the
surrounding matrix compared to a fibrin-only gels. Furthermore, ADV-generated features with gas

or liquid contents displayed distinct morphologies and were observed to be spatially-dependent
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within the ARSs. The gas-filled cavities grew due to mass transfer of the dissolved gases in their
surroundings, while the size of the fluid-filled ones did not change significantly. AFM
measurements confirmed ADV-induced stiffening of an ARS in the vicinity of an ADV-generated
bubble. These findings highlight the ability of ADV to non-invasively modulate matrix mechanics
and macrostructures in ARSs in an on-demand, spatiotemporally manner, which can be used for

future regenerative applications.
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Acoustic droplet vaporization (ADV) of phase shift emulsion (green) generates different bubble
morphologies, and spatiotemporally tunes the micromechanics of fibrin gels (red).
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