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A B S T R A C T

Hydrogels can improve the delivery of mesenchymal stromal cells (MSCs) by providing crucial biophysical cues 
that mimic the extracellular matrix. The differentiation of MSCs is dependent on biophysical cues like stiffness 
and viscoelasticity, yet conventional hydrogels cannot be dynamically altered after fabrication and implantation 
to actively direct differentiation. We developed a composite hydrogel, consisting of type I collagen and phase- 
shift emulsion, where osteogenic differentiation of MSCs can be non-invasively modulated using ultrasound. 
When exposed to ultrasound, the emulsion within the hydrogel was non-thermally vaporized into bubbles, which 
locally compacted and stiffened the collagen matrix surrounding each bubble. Bubble growth and matrix 
compaction were correlated, with collagen regions proximal (i.e., ≤ ~60 μm) to the bubble displaying a 2.5-fold 
increase in Young’s modulus compared to distal regions (i.e., > ~60 μm). The viability and proliferation of MSCs, 
which were encapsulated within the composite hydrogel, were not impacted by bubble formation. In vitro and in 
vivo studies revealed encapsulated MSCs exhibited significantly elevated levels of RUNX2 and osteocalcin, 
markers of osteogenic differentiation, in collagen regions proximal to the bubble compared to distal regions. 
Additionally, alkaline phosphatase activity and calcium deposition were enhanced adjacent to the bubble. An 
opposite trend was observed for CD90, a marker of MSC stemness. Following subcutaneous implantation, bubbles 
persisted in the hydrogels for two weeks, which led to localized collagen alignment and increases in nuclear 
asymmetry. These results are a significant step toward controlling the 3D differentiation of MSCs in a non- 
invasive and on-demand manner.

1. Introduction

Bone loss resulting from factors such as trauma [1] and diseases [2,3] 
represents a significant global challenge and remains a focal point of 
research [4,5]. A comprehensive study conducted in 2019 revealed that 
there were 178 million new fractures globally, with 455 million preva-
lent cases experiencing acute or chronic symptoms related to fractures 
[6]. While autologous and allogeneic bone transplants are commonly 

employed, they are constrained by restricted supply, prolonged recovery 
times, and donor site morbidity [7,8]. Recent advancements in tissue 
engineering and the utilization of mesenchymal stromal cells (MSCs), 
which are adult skeletal progenitor cells, have emerged as a significant 
area of interest in augmenting bone tissue reconstruction [9,10]. Despite 
promising preclinical results [11,12], MSC-based therapies have 
encountered translational hurdles. For instance, many clinically 
approved MSC-based products rely on local administration without 
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accompanying carrier materials [13], which can result in inadequate 
retention and survival of MSCs at the site of administration [14]. 
Consequently, researchers are encapsulating MSCs within hydrogels that 
mimic the native extracellular matrix (ECM), thereby enhancing cell 
retention and viability [15].

MSCs sense and react to both biochemical and biophysical cues 
present within the ECM, which are intricately regulated in a spatial and 
temporal manner in response to physiological and pathological stimuli 
[16]. The differentiation of MSCs is influenced by biophysical factors 
such as substrate stiffness [17,18], viscoelasticity [19], and surface 
topography [20] of their local microenvironment. MSCs tend to differ-
entiate towards adipogenic or osteogenic lineages when cultured on soft 
or stiff substrates, respectively [21,22]. For example, MSCs exhibited 
adipogenic and osteogenic phenotypes when encapsulated within algi-
nate hydrogels with elastic moduli in the range of 2.5–5 kPa and 11–30 
kPa, respectively [23]. Analogously, in transglutaminase-crosslinked 
gelatin hydrogels, osteogenic differentiation of encapsulated MSCs 
correlated with degree of crosslinking and stiffness across yield strengths 
of 1.6–61 kPa [24]. Similar findings were also observed in polyethylene 
glycol (PEG) hydrogels with compressive moduli ranging from 0.2 to 59 
kPa [25]. However, unlike native ECM, conventional hydrogels typically 
possess mechanically uniform properties, which cannot be dynamically 
altered after fabrication and implantation. This lack of dynamic 
tunability in hydrogel properties hinders active guidance of MSC dif-
ferentiation as well as gaining fundamental insight on how dynamic 
changes in matrix stiffness affect MSC differentiation in 3D.

Previous approaches for dynamically modulating hydrogel stiffness 
and cellular behavior have relied on stimuli such as ultraviolet light, pH, 
temperature, and magnetic fields [26,27]. For example, PEG-based 
hydrogels with photocrosslinkable groups were stiffened with ultravio-
let light, leading to changes in nuclear tension of MSCs cultured in 2D 
[28]. Conversely, irradiation of PEG hydrogels with photodegradable 
groups caused an increase in MSC spreading [29]. Hydrogels consisting 
of a pH-sensitive, triblock copolymer exhibited a reversible 40-fold 
change in stiffness from pH 7 to 8, which impacted cytoskeletal struc-
ture [30]. MSCs, which were cultured on polyacrylamide hydrogels 
containing iron particles, exhibited changes in RUNX2 expression 
following modulation of gel stiffness using magnetic fields [31]. In most 
cases, these strategies rely on the use of synthetic polymers or derivat-
ized, natural polymers (e.g., gelatin methacrylate). Additionally, many 
approaches do not afford deep tissue penetration (e.g., light), external 
control (e.g., pH), or tight focusing (e.g., magnetic field) of the stimulus.

Ultrasound is a highly desirable modality for non-invasive, thera-
peutic applications due to its precise temporal and spatial characteris-
tics, alongside its ability to penetrate the body at clinically relevant scale 
[32]. We have developed a composite hydrogel, termed an acoustically 
responsive scaffold (ARS), that can be modulated using ultrasound [33]. 
An ARS integrates a phase-shift emulsion into a hydrogel matrix. The 
emulsion, which contains a perfluorocarbon (PFC) liquid, undergoes a 
phase-shift into bubbles when exposed to ultrasound above a threshold 
amplitude. This non-thermal, liquid-to-gas phase shift is termed acoustic 
droplet vaporization (ADV) [34] and is due to the tensile component of 
the ultrasound wave [35]. Our prior research with fibrin-based ARSs 
revealed that mechanical strain induced by an ADV-generated bubble on 
the surrounding matrix led to substantial, local compaction and stiff-
ening of the matrix adjacent to the matrix–bubble interface [36,37]. This 
radial compaction of the hydrogel is due to the volumetric expansion of 
the PFC phase during ADV, followed by the growth of the 
ADV-generated bubble because of inward diffusion of gases from the 
local microenvironment. ADV-induced stiffening is observed in 
strain-stiffening matrices, such as natural biopolymers like fibrin. Given 
that stiffer substrates direct the differentiation of MSCs towards osteo-
genic lineages [21,38], we hypothesized that ADV could be used to 
dynamically and spatiotemporally control MSC differentiation.

In this study, we developed type I collagen-based ARSs. Collagen, the 
most abundant protein in the ECM that accounts for a significant 

fraction of connective tissues including bone, was selected due to its 
physiological relevance and osteoinductive properties [39]. Confocal 
microscopy was employed to quantify ADV-induced changes in the 
microstructure of ARSs, including dynamics of bubble growth and ma-
trix compaction, while atomic force microscopy (AFM) was used to 
characterize micromechanical properties of ARSs before and after ADV. 
We encapsulated murine MSCs in ARSs for in vitro and in vivo in-
vestigations of osteogenic differentiation. Through confocal imaging, we 
observed an inverse correlation between the expression of bone markers 
such as RUNX2 and osteocalcin and the distance from an ADV-induced 
bubble. We also characterized alkaline phosphatase activity, calcium 
deposition, bubble morphology, and collagen structure of the ARSs. 
Overall, the data underscore the efficacy of ADV in dynamically 
modulating collagen compaction in ARSs and promoting osteogenic 
differentiation of MSCs.

2. Materials and methods

Cell Culture: Mouse bone marrow derived D1 MSC cells (CRL-12424, 
ATCC, Manassas, VA, USA) were cultured in growth medium containing 
high glucose Dulbecco’s modified Eagle medium (DMEM, Gibco, 
Carlsbad, CA, USA) supplemented with 10% (v/v) fetal bovine serum 
(Corning, Glendale, AZ, USA), and 1% (v/v) penicillin/streptomycin in a 
humidified cell culture incubator with 5% CO2 at 37 ◦C. The cells were 
grown to 70% confluency before subculturing. All experiments in this 
study were carried out with cell passage number 3 and 4.

Microfluidic preparation of phase-shift double emulsion (PSDE): PSDEs 
with a water-in-PFC-in-water (W1/PFC/W2) structure were produced by 
a microfluidic technique as previously described [36]. Perfluorohexane 
(C6F14, CAS# 355-42-0, Strem Chemicals, Newburyport, MA, USA) was 
the PFC phase. Fluorosurfactant copolymer, derived from a 2:1 M ratio 
of Krytox 157 FSH (CAS# 51798-33-5, DuPont, Wilmington, DE, USA) 
and poly(ethylene glycol)bis(amine) (MW: 1000 g mol− 1, CAS# 
24991-53-5, Alfa Aesar, Ward Hill, MA, USA), was dissolved in PFC at 
2% (w/w). This PFC solution was then combined at a 2:1 (v/v) ratio with 
a W1 phase of phosphate-buffered saline (PBS, Corning), followed by 30 
s of sonication on ice to produce the primary emulsion (W1/PFC). PSDEs 
were generated by flowing the primary emulsion and W2 phase (50 mg 
mL− 1 Pluronic F68 in PBS) through a quartz microfluidic chip (Cat# 
3200146, junction: 14 μm × 17 μm, Dolomite, Royston, United 
Kingdom) at 0.5 μL min− 1 and 2.5 μL min− 1, respectively (Fig. 1A). 
Analysis using a Coulter Counter (Multisizer 4, Beckman Coulter, Brea, 
CA, USA) equipped with a 50 μm aperture tube revealed that the PSDEs 
had an average diameter, coefficient of variation, and concentration of 
12.06 ± 0.79 μm, 6.82 ± 0.3%, and (5.18 ± 1.1) × 108 particles per mL, 
respectively.

Preparation of type I collagen-based ARSs: Type I collagen from rat tail 
(10 mg mL− 1 in 0.02 M acetic acid, Advanced Biomatrix, Carlsbad, CA, 
USA) and neutralization solution (i.e., 10X DMEM, 1N NaOH, and 7.5% 
NaHCO3) were degassed in a vacuum chamber at ~6 kPa for 30 min to 
reduce dissolved gas content. ARSs (volume = 0.2 mL) were created by 
combining the neutralization solution, collagen, and PSDE to yield ARSs 
with 6 mg mL− 1 collagen and 0.05% (v/v) PSDE. For visualization of the 
collagen matrix, 50 μg mL− 1 FITC-labeled, type I collagen (Sigma- 
Aldrich, St. Louis, MO, USA) was added to each ARS before polymeri-
zation in a custom plastic plate (well diameter: 9.5 mm, well height: 5.5 
mm). The bottom and top of the well were sealed with a Tegaderm 
membrane (3M Healthcare, St. Paul, MN, USA). To prepare cell-loaded 
constructs, MSCs were trypsinized and mixed with the neutralized 
collagen solution at 106 cells mL− 1. Collagen-only gels (i.e., without 
PSDE) were prepared similarly. All gels were allowed to polymerize for 
30 min at 37 ◦C before adding growth media. For differentiation studies, 
MSC-loaded constructs were cultured in bipotential differentiation 
media consisting of a 1:1 (v/v) mixture of osteogenic (A1007201, Gibco) 
and adipogenic (A1007001, Gibco) induction media, unless otherwise 
noted.

S. Maji et al.                                                                                                                                                                                                                                     Bioactive Materials 43 (2025) 82–97 

83 



Ultrasound exposure setup and parameters: Ultrasound experiments 
were conducted in a tank (32 cm × 61 cm × 32 cm) filled with degassed, 
deionized water at 37 ◦C. ADV was induced using a calibrated, focused 
transducer (2.5 MHz, H-108, f-number: 0.83, radius of curvature: 50 
mm, Sonic Concepts, Bothell, WA, USA). Pulsed waveforms (pulse 
duration: 6 μs; pulse repetition frequency: 100 Hz) were generated by a 

function generator (33500B, Agilent Technologies, Santa Clara, CA, 
USA) and amplified by a gated radiofrequency (RF) amplifier (GA- 
2500A, Ritec, Warwick, RI, USA). The amplified signals were monitored 
in real-time on an oscilloscope (HDO4034, Teledyne LeCroy, Chestnut 
Ridge, NY, USA).

In vitro experiments were performed by submerging the custom plate 

Fig. 1. Ultrasound generates bubbles in collagen ARSs. A) An image of the microfluidic chip shows the flow focusing geometry of the junction. The primary emulsion 
(W1/PFC) was encapsulated by the W2 phase to create a PSDE. The enlarged feature displays a schematic of a PSDE droplet. B) An ARS containing PSDE within a 
custom plate. For in vitro studies, the plate was submerged in a water tank and ultrasound was applied through the well bottom. C) During ADV, the PSDE is 
converted into a bubble, which locally compacts and stiffens the collagen matrix surrounding the bubble. D) Confocal microscopy images of an ARS before and 1 day 
after ultrasound exposure are shown. The elevated intensity of collagen surrounding the bubble is due to matrix compaction. Scale bar: 25 μm. E) Ultra-high-speed 
images show a PSDE droplet in a collagen hydrogel while being exposed to a single 2.4 μs burst of 2.5 MHz ultrasound at 4 MPa peak negative pressure. Presence of 
ultrasound in the field of view is denoted with an asterisk. Time stamps are listed next to each frame. Scale bar: 20 μm. F) Profiles of peak-to-peak voltage and 
broadband noise, which are indicative of ADV and IC, respectively, are shown for ARSs with 6 mg mL− 1 collagen G) The IC threshold was significantly higher than the 
ADV threshold in collagen ARSs (N = 5). H) B-mode images highlight ADV-induced bubble formation (denoted by the black arrow) in collagen ARSs. The borders of 
the ARS are denoted by the green rectangle. Scale bar: 5 mm. Significant differences are denoted as follows: ****p < 0.0001.
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containing the ARSs in the water tank (Fig. 1B). The transducer, which 
was placed beneath the plate, was connected to a three-axis positioning 
system controlled by MATLAB (The MathWorks, Natick, MA, USA). To 
generate ADV, the transducer was rastered at 5 mm s− 1 with 0.5 mm 
spacing between raster lines. The transducer was rastered on three 
planes by placing the axial focus 1, 2, and 3 mm above the well bottom. 
Exposures were completed from +3 mm to +1 mm.

Determination of acoustic thresholds: Acoustic thresholds in collagen 
ARSs were determined following established protocols [40–42]. ARSs 
were exposed to pulsed ultrasound of increasing acoustic pressure while 
a capsule hydrophone (HGL-1000, frequency range 1–20 MHz, Onda, 
Sunnyvale, CA, USA) captured backscattered signals. Concurrently, a 
diagnostic ultrasound imaging system (ZS3, Mindray North America, 
Mountain View, CA, USA) with a 12 MHz linear array (L14-5w, Mind-
ray) recorded B-mode images of bubble formation. The radiofrequency 
signals collected by the hydrophone were digitized by an oscilloscope 
and analyzed using MATLAB. The ADV and inertial cavitation (IC) 
thresholds were determined by plotting the peak-to-peak amplitude and 
integrated frequency power spectrum of the scattered response, 
respectively, as a function of peak rarefactional pressure. Thresholds 
were defined as the intersection of two linear fits for each profile. 
B-mode images were analyzed in Fiji (National Institutes of Health, 
Bethesda, MD, USA) by calculating the average pixel intensity within a 
defined region of interest in the ARS.

Ultra-high-speed dynamics of bubble growth: Bubble dynamics were 
visualized with ultra-high-speed imaging using a previously published 
method [43]. The ARS was mounted on the stage of a confocal micro-
scope (AX, Nikon, Tokyo, Japan). ADV was generated using a single 
pulse of 2.5 MHz ultrasound emitted by a focused transducer coupled to 
the ARS with a water-filled cone. The optical focus of the microscope 
objective and acoustic focus of the transducer were confocally aligned. 
An ultra-high-speed camera (HPV-X2, Shimadzu, Kyoto, Japan), which 
was connected to the microscope, enabled acquisition of 256 frames at 
up to 10 million frames per second. Illumination was provided by a high 
intensity pulsed laser (400 W, 640 nm, Cavitar, Tampere, Finland).

Optical and micromechanical characterization of acellular ARSs: To 
investigate ADV-induced microstructural changes (Fig. 1C), acellular 
ARSs were imaged from 1 h to 7 days after ADV using confocal micro-
scopy. Laser power was set to the lowest non-zero setting to prevent 
saturation of the FITC-collagen signal. Bubble diameter and the width of 
the collagen matrix compacted by the bubble were measured in NIS- 
Elements (Nikon). The latter parameter was defined as the maximum 
distance from the bubble-collagen interface that displayed an intensity 
of FITC-collagen at least two-fold higher than the bulk collagen gel.

To quantify bubble-induced matrix stiffening, acellular collagen 
ARSs (height: ~1 mm) were immobilized on poly-L-lysine coated cov-
erslips. Force–indentation curves were acquired on collagen-only gels 
and ARSs using an AFM (FlexAFM, Nanosurf, Liestal, Switzerland) 
mounted on an inverted, epifluorescent microscope (Eclipse Ti, Nikon). 
A gold-coated AFM probe (PPP-CONTAuD, NanoAndMore, Watsonville, 
CA, USA) was used to mechanically interrogate the samples in contact 
mode. Before measurements, the cantilever’s spring constant was 
determined automatically using the built-in thermal tuning method. The 
compressive Young’s modulus was estimated from the force–indentation 
curves using the DMT model in AtomicJ software (http://sourceforge. 
net/projects/jrobust) [36].

Cellular metabolic activity and viability assays: To assess the viability of 
encapsulated MSCs, constructs were stained with 500 nM propidium 
iodide (PI, Invitrogen, Waltham, MA, USA) in DMEM for 10 min, fol-
lowed by counterstaining with Hoechst 33342 (Invitrogen). Constructs 
were then imaged with confocal microscopy. Using a custom script (NIS 
Elements), the number of PI+ cells was calculated as a function of dis-
tance from the bubble-collagen interface.

Metabolic activity of the constructs was assessed using the alamar 
blue assay (Invitrogen) as done previously [44]. Constructs were incu-
bated in 10% (v/v) alamar blue reagent in DMEM for 4 h. After 

incubation, absorbances of the supernatants were measured at 570 nm 
and 600 nm using a plate reader (SpectraMax M2e, Molecular Devices, 
San Jose, CA, USA), and analyzed according to the manufacturer’s 
instructions.

Differentiation assays: Alkaline phosphatase (ALP) activity of con-
structs was assessed after 7 and 14 days of incubation in bipotential 
media. Constructs were digested with a collagenase solution (2 mg 
mL− 1) and cells were concentrated via centrifugation at 14,000g for 15 
min. The cell-containing mixture was combined with RIPA buffer 
(Thermo Scientific), incubated on ice for 30 min, and centrifuged for 15 
min at 14,000g. ALP activity of the supernatant, which contained sol-
uble proteins, was measured using a commercially available kit 
(EEA002, Invitrogen) by detecting absorbance at 520 nm. ALP activity 
(i.e., King unit/g protein) was calculated as per the manufacturer’s in-
structions and normalized by the total protein concentration, which was 
measured using the BCA assay.

Constructs were also cultured for 14 days in growth media supple-
mented with 100 nM dexamethasone, 250 μM L-ascorbic acid, and 10 
mM β-glycerophosphate. Calcium deposition was assessed by Alizarin 
Red S (#A5533, Sigma-Aldrich; pH 4.2) staining.

In vivo studies: All animal procedures were approved by the Univer-
sity of Michigan Institutional Animal Care and Use Committee. Male 
BALB/c nude mice (N = 14, 6–8 weeks old, 19.3 ± 2.3 g, Charles River 
Laboratories, Wilmington, MA, USA) were utilized as hosts. Mice were 
anesthetized with isoflurane and the dorsal skin was scrubbed with 
povidone-iodine. Two full-thickness longitudinal incisions were made in 
the lower dorsal region on either side of the spine, creating subcutane-
ous pockets. Cell-loaded constructs were implanted into the pockets, and 
the surgical sites were closed with sutures. The next day, subsets of 
constructs were treated with 2.5 MHz ultrasound (4.2 MPa peak nega-
tive pressure, pulse duration: 6 μs; pulse repetition frequency: 100 Hz, 
raster speed: 5 mm s− 1). During treatment, each mouse was anesthetized 
with isoflurane and placed in a supine position on an exposure platform 
positioned on the water tank. Construct morphology was monitored 
using B-mode ultrasound imaging with a 24 MHz linear array (L30-8, 
Mindray). Construct height and average pixel intensity were measured 
in Fiji. The implanted constructs and surrounding tissue were harvested 
on day 7 or 14 post implantation.

Cell staining and analyses: Constructs were fixed in neutral buffered 
formalin. In vitro constructs were permeabilized with 0.1% (v/v) Triton 
X-100 and incubated overnight with primary antibodies against RUNX2 
(ab192256, Abcam, Cambridge, United Kingdom), osteocalcin (23418- 
1-AP, Proteintech, Rosemont, IL, USA), CD90 (ab3105, Abcam), and 
PPAR-γ (ab45036, Abcam). An Alexa Fluor 647-labeled secondary 
antibody (ab150067, Abcam) was used for visualization in addition to 
Hoescht 33342 for counterstaining nuclei. In vivo samples were 
embedded in paraffin, sectioned, and mounted onto glass slides by the 
University of Michigan Orthopaedic Research Laboratories Histology 
Core. Slides were stained using the above antibodies. All samples were 
imaged with a confocal microscope. Marker expression was evaluated 
using a custom script (NIS Elements) that calculated the average fluo-
rescent intensities in the nucleus and cytoplasm (i.e., perinuclear region) 
for each cell. Nuclear localization was obtained by dividing the average 
intensity in the nucleus by the average intensity in the cytoplasm. 
Marker expression for each cell, as well as nuclear circularity, was 
calculated as a function of distance from the nearest bubble edge.

Histological slides were stained with hematoxylin and eosin (H&E). 
Construct height and area as well as the number and diameter of bubbles 
were measured in Fiji. To assess the fibrillar collagen content and fiber 
alignment, slides were stained with picrosirius red (Fisher Scientific) per 
the manufacturer’s instructions. Brightfield and polarized light images 
of the stained slides were captured using an upright microscope (Axio-
plan 2, Zeiss, Oberkochen, Germany). To quantify collagen content, Fiji 
was utilized to delineate the region of interest around the bubbles in 
each image and quantify red intensity as the ratio of red to the sum of 
red, green, and blue intensity for each pixel. A rotating stage then 
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facilitated image acquisition from − 45◦ to 45◦ of deviation at 5◦ in-
tervals, where deviation indicates the orientation along the long axis of 
the bubble-gel interface relative to the polarizer. A deviation of 0◦ was 
defined as the orientation displaying the brightest birefringence. Each 
field of view obtained was mutually exclusive. MATLAB was employed 
to calculate the birefringence intensity (i.e., average luminance) within 
a circular region of interest (50 μm radius) at the center of each polar-
ized light image. To assess calcium deposition, paraffin-embedded sec-
tions of in vitro and in vivo constructs were stained with Alizarin Red S. 
To quantify mineralization, brightfield images were analyzed in Fiji 
software by defining a region of interest around the bubbles and quan-
tifying the red intensity as the ratio of red to the sum of red, green, and 
blue intensity for each pixel. In vivo constructs were also immunohis-
tochemically stained for CD31 (ab182981, Abcam) using a polymer- 
horseradish peroxidase conjugate (Envision + System-HRP (DAB), Agi-
lent) and counterstained with hematoxylin. The density of blood vessels, 
defined as CD31+ structures with a lumen, within the construct as well 
as the penetration depth of vessels into the construct were determined 
from brightfield images.

Statistical analysis: For experiments comparing only two groups, we 
used two-tailed, unpaired Student’s t-tests. For experiments comparing 
multiple groups, we used one-way ANOVA and Tukey’s multiple com-
parisons test. Unless otherwise noted, data are presented as mean ±
standard deviation or as violin plots in which the first quartile, median, 
and third quartile are denoted.

3. Results

3.1. ADV radially compacts the hydrogel matrix in a collagen ARS

Before ultrasound exposure, the collagen matrix surrounding the 
PSDE appeared green due to the presence of FITC-collagen (Fig. 1D). 
Collagen-only gels, without PSDE, displayed a similar homogeneous 
distribution of FITC-collagen (not shown). Ultrasound exposure caused 
bubble formation and compaction of collagen fibers at the bubble- 
collagen interface, thereby locally elevating the fluorescence signal 
within the matrix. Fig. 1E shows sequential, ultra-high-speed images of a 
PSDE droplet undergoing ADV in a collagen ARS. The phase change was 
induced within 0.2 μs following the arrival of ultrasound, as seen in the 
change in refractive index of the liquid droplet into a bubble. The bubble 
contracted after the ultrasound pulse ceased and later grew. Spatio-
temporally resolved ADV bubble dynamics are presented in Supple-
mentary Video V1. The volumetric expansion of the PFC phase during 
ADV, followed by successive expansion and contraction cycles, induced 
repetitive localized strain to the gel, resulting in local microstructural 
rearrangement of the fibrillar, collagen network.

3.2. ADV and IC thresholds in collagen ARSs

The peak-to-peak voltage and integrated frequency power spectrum 
from ARSs at an excitation frequency of 2.5 MHz are depicted in Fig. 1F. 

Fig. 2. Bubble growth and collagen compaction are linked. A) Maximum intensity projection of confocal images of ARSs at 1 h, 1 day, 3 days, and 7 days post-ADV 
(B) The confocal micrographs (i.e., single z-plane) show changes in collagen compaction around the ADV-generated bubble after 1 h, 1 day, 3 days, and 7 days. Scale 
bar = 100 μm. C) Bubble diameter and D) width of the compacted matrix region were measured following generation of ADV on day 0 (N = 14–28). (E) AFM was 
used to investigate time-dependent, micromechanical properties of ARSs post ADV. An optical image of an ARS 1 day post ADV shows the cantilever and bubble. (F) 
Calculated Young’s moduli of a collagen-only gel (Col) as well as compacted, proximal (prox) and uncompacted, distal (dist) matrix regions of ARSs following 
exposure to suprathreshold ultrasound (US) (N = 16–19). Significant differences are denoted as follows: ***p < 0.001 and ****p < 0.0001; ns denotes a non- 
significant difference. In panels C and D, comparisons are relative to day 0.
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Piecewise, linear fitting yielded ADV and IC thresholds of 3.5 ± 0.1 MPa 
and 4.8 ± 0.3 MPa, respectively (Fig. 1G). Across the interrogated 
pressures, control collagen-only gels exhibited no ADV, due to the 
absence of encapsulated PDSE, or IC thresholds (data not shown). B- 
mode images highlight the formation of a bubble cloud within an ARS 
(Fig. 1H). The ADV threshold obtained using B-mode imaging (data not 
shown) was not significantly different than the threshold measured 

using the hydrophone (Fig. 1F–G). A peak negative pressure of 4.2 MPa, 
which was suprathreshold for ADV and subthreshold for IC, was selected 
for all subsequent studies.

3.3. Optical and micromechanical characterization of collagen ARS

ADV-generated bubbles were longitudinally monitored using 

Fig. 3. ADV and bubble growth did not significantly impact cell viability and proliferation in ARSs. (A) Viability of encapsulated MSCs was investigated on day 1, 
day 4 and day 7 after ADV using PI-staining. Fluorescent images show cell-loaded ARSs and collagen-only gels. Scale bar = 100 μm. B) The spatial distribution of PI+

cells from the collagen-bubble interface is displayed (N = 500–2500 cells per group). The percent of PI+ cells is shown for C) collagen-only gels and D) ARSs. (N =
10–20 fields of view per group) (E) Cell proliferation was measured using the alamar blue assay (N = 4).
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confocal microscopy. Fig. 2A and B displays maximum intensity pro-
jections and single z-planes, respectively, of ARSs at 1 h, 1 day, 3 days, 
and 7 days post-ADV. Qualitatively, the bubbles grew due to the influx of 
dissolved gases from the medium. The average bubble diameters were 
189 ± 49 μm (1 h), 461 ± 83 μm (1 day), 706 ± 172 μm (2 days), 821 ±
232 μm (3 days), and 776 ± 245 μm (7 days) (Fig. 2C). The average 
bubble diameter grew 258 μm per day during the first two days and 115 
μm per day from day 2 to day 3. Between day 3 and day 7, bubble size 
remained relatively constant.

The width of the compacted region of collagen around the ADV- 
generated bubble was quantified (Fig. 2D). The average width was 6.8 
± 2.2 μm on day 0 and increased to 56.5 ± 21.4 μm on day 7. The 
average increase in the width of the compacted region around the ADV- 
generated bubble was ~15 μm per day in the first two days, with a 
reduction to ~10 μm/day from day 3 onwards. Thus, bubble growth post 
ADV and matrix compaction were correlated, with both parameters 
leveling off by day 7. Based on these results, we used the average width 
of matrix compaction on day 7 (Wc) as the threshold between proximal 
and distal regions. For all subsequent experiments, a distance less than 
or equal to Wc from the bubble-collagen interface was defined as the 
compacted (i.e., proximal) collagen region whereas a distance greater 
than Wc was the uncompacted (i.e., distal) collagen region.

The AFM study revealed the micromechanical heterogeneity of ARSs 
post ADV, on the scale of the probe size (Fig. 2E and F). The Young’s 
moduli of the matrix region proximal to the bubble were 10.7 ± 5.5 kPa 
(day 1), 9.9 ± 3.8 kPa (day 4), and 11.2 ± 4.2 kPa (day 7). Similarly, for 
the distal region, Young’s moduli were 4.2 ± 1.7 kPa (day 1), 4.8 ± 1.7 
kPa (day 4) and, 4.9 ± 1.6 kPa (day 7). By comparison, the Young’s 
moduli for a collagen-only gel were 2.9 ± 1.1 kPa one day after poly-
merization and without any significant change on day 4 (3.3 ± 1.2 kPa) 
and day 7 (3.3 ± 1.2 kPa). Greater variation in Young’s modulus in the 
bubble region of the ARSs stems from the difference in distances of the 
ADV-generated bubbles from the gel surface. Due to objective magnifi-
cation and working distance restrictions, it was not possible to evaluate 
the depth of the bubbles.

3.4. Effect of ADV on MSC viability and proliferation

To visualize the effect of ADV on encapsulated MSCs, cell-loaded 
constructs were stained with PI, which penetrates cells with compro-
mised membranes. Fig. 3A shows PI-staining in ARSs with ultrasound 
exposure as well as collagen-only gels with and without ultrasound 
exposure. The spatial distribution of all cells, along with PI+ cells, 
relative to the bubble-collagen interface is also displayed (Fig. 3B). The 
percent of PI+ cells is also shown for collagen-only gels (Fig. 3C) and 
ARSs (Fig. 3D). There were no significant differences when comparing 
across different groups or different time points. Thus, ADV and subse-
quent bubble growth did not significantly impact cell viability.

Proliferation of MSCs in the ARSs was assessed using the alamar blue 
assay (Fig. 3E). In this assay, resazurin is reduced by viable cells to 
resorufin, indirectly reflecting their metabolic activity and proliferation. 
The data exhibit a positive trend, indicating an increase in resazurin 
reduction over the 14-day study. At each time point, there were no 
significant differences between any of the groups. Thus, ADV and bubble 
growth did not impact the proliferative capacity of MSCs in ARSs.

3.5. ADV-induced matrix stiffening enhances osteogenic differentiation

Immunofluorescence staining was used to assess the impact of ADV- 
induced matrix stiffening on the differentiation of encapsulated MSCs 
cultured in bipotential differentiation media. The localization and 
expression levels of RUNX2 and osteocalcin (OCN), respectively, were 
assessed to evaluate the differentiation of MSCs towards an osteogenic 
lineage, while the expression of CD90 was utilized as a positive marker 
for MSC stemness. Fig. 4 presents confocal micrographs depicting the 
expression of these markers within the ARSs on day 7 and day 14. ADV 

was generated on day 0. Supplemental Fig. S1 shows images of collagen 
gels with and without ultrasound exposure.

RUNX2, a transcription factor, is a key regulator of osteoblast dif-
ferentiation crucial for skeletal development and osteogenesis [45,46]. 
The nucleus-to-cytoplasm (N/C) ratio of RUNX2 was analyzed as a 
marker for osteogenic differentiation. Following ADV, MSCs located 
proximal to the bubble exhibited significantly greater levels of nuclear 
localization of RUNX2 compared to distal MSCs on both day 7 and day 
14 (Fig. 4A–C). The mean N/C ratio of RUNX2 on day 7 in the proximal 
region (3.1 ± 1.4) was 24% higher than in the distal region (2.5 ± 1.4). 
This notable difference in N/C ratio of RUNX2 on day 7 indicates that 
cells near the bubble, experiencing a stiffened matrix, demonstrate more 
robust osteogenic differentiation than those farther away. A significant 
decrease in nuclear localization of RUNX2 was observed on day 14. 
Furthermore, the difference in the N/C ratio of proximal (2.3 ± 0.8) and 
distal (2.1 ± 0.9) regions was less on day 14 in both regions. The 
localization study of RUNX2 in collagen-only gels is shown for com-
parison (Fig. 4D). The percent difference between different groups and 
p-values for pairwise comparisons are found in Supplemental Fig. S2.

OCN serves as a middle-to-late-stage marker of osteoblast differen-
tiation and is involved in initiating bone matrix mineralization [47]. On 
day 7, there was no significant difference in OCN expression between 
proximal and distal regions of the ARS (Fig. 4E–G), which is consistent 
with previous research indicating a low or undetectable expression of 
OCN during initial stages of differentiation [48]. OCN expression 
increased from day 7 to day 14. On day 14, MSCs in the proximal region 
exhibited significantly higher levels of OCN than in the distal region. 
The second week of in vitro osteogenic differentiation often marks a 
transition point where osteoblasts become more mature and actively 
produce mineralized matrix [49]. OCN expression at this stage reflects 
the maturation of osteoblasts and their ability to contribute to bone 
formation. OCN expression in collagen-only gels is shown for compari-
son (Fig. 4H).

We also investigated the expression of CD90 in ARSs on day 7 and 
day 14 (Fig. 4I–K). CD90 is a cell surface glycoprotein indicative of 
stemness-associated traits, such as self-renewal capacity and multi-
potent differentiation potential of MSCs [50]. There was higher 
expression of CD90 in the distal region of the ARS compared to the 
proximal region on both time points. This data indirectly suggests that 
the cells lost their characteristic stemness more readily when located 
closer to the bubble. CD90 expression in collagen-only gels is shown for 
comparison (Fig. 4L). CD90 expression in collagen-only gels was 
significantly higher compared to the ARSs (Supplemental Fig. S2).

ALP is an early-to-middle stage marker during osteogenic differen-
tiation and plays a crucial role in the mineralization process of bone 
formation. Fig. 5C shows a significant increase in ALP activity in 
ultrasound-treated ARSs compared to untreated ARSs and collagen-only 
gels. For example, the mean ALP activity on day 14 for ultrasound- 
treated ARSs was 71% higher than untreated ARSs. There were no sig-
nificant differences between collagen-only gels and untreated ARSs, 
indicating that unvaporized PSDE did not impact ALP activity.

Calcium deposition serves as a middle-to-late stage marker for 
osteoblast differentiation and indicates matrix mineralization. Elevated 
Alizarin red staining was observed proximal to bubbles in ARSs 
(Fig. 5A–B), indicating calcification within the construct. In contrast, 
minimal staining was seen in collagen-only constructs.

3.6. In vivo morphology of ARSs

Subcutaneously implanted, MSC-loaded constructs were monitored 
using B-mode ultrasound imaging (Fig. 6A). On day 0 (i.e., day of im-
plantation), ARSs appeared significantly brighter (i.e., more echogenic) 
than collagen-only gels due to the PDSE (Fig. 6B). Following ADV on day 
1, the echogenicity of ARSs increased due to bubble formation, which 
caused acoustic shadowing in some regions. The heights of the 
implanted constructs, determined from B-mode images, decreased over 
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time (Fig. 6C). By day 3, collagen-only constructs were significantly 
smaller than ARSs. Thus, bubbles appear to mitigate ARS compaction. 
Due to acoustic shadowing, we were unable to calculate the height of 
ARSs at later time points (i.e., day 7, 10, and 14).

H&E-stained micrographs reveal the presence of numerous bubbles 
distributed throughout ARSs as well as cells in both ARSs and collagen- 
only constructs (Fig. 6D). Qualitatively, a higher number of cells was 
observed on day 14 compared to day 7, indicating ongoing cell prolif-
eration after implantation. Construct height was measured from H&E 
images (Fig. 6E). The heights of collagen-only constructs were smaller 
than the ARS, though the difference was not statistically significant. This 
trend was consistent with our B-mode imaging data. Thus, ADV- 
generated based bubbles dampen construct compaction due to encap-
sulated cells and compressive forces exerted by the skin.

We also calculated bubble diameter (Fig. 6F), density (Fig. 6G), and 
area fraction (Fig. 6H) from H&E-stained slides. The average bubble 
diameter was significantly greater on day 14 (172 ± 88 μm) versus day 7 
(144 ± 77 μm). The percent of bubbles with diameters 100 μm or 
smaller decreased from 41% on day 7–24% on day 14. The density of 
bubbles in the ARS decreased from day 7 to day 14, which was largely 
attributed to a 51% decrease in the number of bubbles. There was also a 
decrease in the area fraction occupied by bubbles.

3.7. ADV-induced matrix stiffening induced topographical alignment of 
collagen fibers and changes in nuclear morphology

The orientation and alignment of collagen fibers are crucial factors in 
bone healing, as they promote cell adhesion, migration, proliferation, 
and differentiation [51]. We stained histological slides with picrosirius 
red (Fig. 7), which enabled assessment of collagen content as well as 
maturity and alignment via quantification of birefringence when imaged 
under polarized light [52]. Fig. 7A displays picrosirius red-stained sec-
tions from day 7 and day 14. Intensity measurements reveal a signifi-
cantly higher collagen concentration in the proximal region of the ARS 
compared to the distal region and collagen-only constructs (Fig. 7A–B). 
Birefringence imaging also indicated greater alignment of the collagen 
fibers in the proximal region of the ARS compared to the distal region 
and collagen-only constructs (Fig. 7C–F, Supplemental Fig. S3).

We also investigated how aligned topographical features impacted 
nuclear morphology within in vivo constructs (Supplemental Fig. S4). A 
circularity value of one indicates a perfect circle while values 
approaching zero reflect a highly elongated shape. On both day 7 and 
day 14, nuclear circularity was lower in the proximal region of the ARS 
compared to the distal region. In the proximal region, nuclei aligned 
with their long axes tangential to the bubble perimeter, indicating a 
strong dependency of cell morphology on local matrix alignment. Nu-
clear circularity was also higher in the collagen-only constructs.

Fig. 4. Immunofluorescence was used to investigate the in vitro differentiation of MSCs in collagen ARSs. A) Confocal micrographs show the nuclear localization of 
RUNX2 in MSCs on day 7 and day 14. B) The N/C ratio of RUNX2 is plotted versus distance from the bubble-collagen interface. The dotted red line is Wc. The N/C 
ratio in C) ARSs and D) collagen-only gels with and without ultrasound (US) exposure on day 7 and day 14 is displayed. Proximal (prox) and distal (dist) regions are 
shown in panel C. N = 600–3800 cells per group. E) Confocal micrographs show the expression of OCN in MSCs on day 7 and day 14. F) The intensity of OCN 
expression is plotted versus distance from the bubble-collagen interface. OCN intensity in G) ARSs and H) collagen-only gels with and without US. N = 500–1800 cells 
per group. I) Confocal micrographs show the expression of CD90 in MSCs on day 7 and day 14. J) The intensity of CD90 expression is plotted versus distance from the 
bubble-collagen interface. CD90 intensity in K) ARSs and collagen-only gels with and without US. N = 400–4000 cells per group. Significant differences are denoted 
as follows: ***p < 0.001 and ****p < 0.0001; ns denotes a non-significant difference. All scale bars are 100 μm.

Fig. 5. Calcium deposition and ALP activity increased in vitro due to ADV-generated bubbles. A) After 14 days of culture, Alizarin red staining was enhanced in 
regions proximal to the bubbles. All scale bars are 100 μm. B) The intensity of Alizarin red staining was calculated for each construct. N = 3 constructs per group with 
6-7 fields of view per constuct. C) ALP activity was significantly higher in ARSs exposed to ultrasound compared to other groups. Significant differences are denoted 
as follows: **p < 0.01 and ****p < 0.0001; ns denotes a non-significant difference. N = 3 constructs per group.
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Fig. 6. ADV-generated bubbles impact ARS morphology. A) B-mode ultrasound images show MSC-loaded collagen hydrogels and ARSs that were subcutaneously 
implanted in mice. ADV was generated on day 1. B) ARSs appeared brighter than collagen-only constructs due to PSDE. ADV further increased the brightness on day 1 
and day 3. C) Bubbles slowed down the compaction of the ARS compared to collagen-only constructs. N = 8–10 constructs per group in panels B and C. D) H&E- 
stained slides highlight the presence of bubbles within MSC-loaded ARSs. The implanted constructs were harvested 7 or 14 days after implantation. Higher 
magnification images are shown in the second and fourth columns. E) The height of the constructs was measured from H&E-stained slides. Bubble metrics of F) 
diameter, G) density, and H) area fraction were also measured from H&E-stained slides. Bubble density is the number of bubbles normalized by ARS area. Bubble area 
fraction is the area fraction of the bubbles normalized by ARS area. N = 4–5 constructs per group in panels E, G, and H. N = 201–397 bubbles per group in panel F. 
Significant differences are denoted as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns denotes a non-significant difference.

Fig. 7. ADV-generated bubbles led to alignment of collagen fibers. A) Brightfield images of Picrosirius red-stained sections of ARSs and collagen-only constructs 
explanted on day 7 and day 14. Scale bar = 100 μm. B) Normalized red intensity was quantified in proximal (prox) and distal (dist) regions of ARSs and collagen-only 
constructs (Col). C) Polarized light images of ARSs were taken over a range of angular deviation. Scale bar = 50 μm. D) Birefringence intensity is plotted as a function 
of angular deviation. The E) range of birefringence intensity and F) full width at half maximum (FWHM) were derived from data in panel D. Significant differences 
are denoted as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns denotes a non-significant difference. N = 4–5 constructs per group.
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3.8. In situ stiffening of ARSs in vivo upregulates osteogenic 
differentiation

We used non-invasive ultrasound to generate ADV within subcuta-
neously implanted ARSs containing MSCs, thereby enabling in situ 
stiffening. An ectopic model was used because the subcutaneous envi-
ronment contains few osteoinductive factors and lacks naturally occur-
ring bone-forming stem cells. Therefore, any observed differentiation 
toward bone cells could be attributed to the exogenous stem cells 
introduced. Immunohistochemical staining of RUNX2, OCN, and CD90 
in ARSs explanted on day 7 and day 14 is shown (Fig. 8). Supplementary 
Fig. S5 displays images of collagen-only constructs.

On day 7, a significantly higher N/C ratio of RUNX2 was observed in 
the proximal (3.5 ± 1.7) versus distal region (3.3 ± 1.5) (Fig. 8A–C). 
Interestingly, nuclear translocation of RUNX2 remained significantly 
elevated in the proximal region (3.8 ± 1.5) on day 14 compared to the 
distal region (3.3 ± 1.5). The RUNX2 N/C ratio in collagen-only con-
structs is also shown (Fig. 8D). A significant increase in OCN expression 
was noted between proximal regions on day 14 versus day 7 (Fig. 8E–G). 
On day 14, OCN expression was higher in the proximal region compared 
to both the distal region and collagen-only gel (Fig. 8H), suggesting that 
ADV-based, matrix consolidation facilitated MSC commitment to oste-
oblasts. Moreover, CD90 expression was higher on day 7 compared to 
day 14 in both proximal and distal regions (Fig. 8I–L), indicating the 
maintenance of stem cell-like behavior of D1 MSCs by the end of the first 
week. The percent difference between groups and p-values for pairwise 
comparisons for RUNX2, OCN, and CD90 are found in Supplemental 
Fig. S6. The investigation also delved into the potential of encapsulated 
MSCs to differentiate into an adipogenic lineage, as assessed through the 
expression level of PPAR-γ (Supplemental Fig. S7). PPAR-γ, functioning 
as a transcription factor, regulates the expression of genes involved in 
cellular processes involved in adipogenic differentiation [53]. On day 7, 
the nuclear intensity of PPAR-γ expression was significantly higher in 
the distal region compared to the proximal region. By day 14, PPAR-γ 
levels decreased, with no significant difference between proximal and 
distal regions.

Explanted constructs were also evaluated for mineralization by 
staining with Alizarin red, whereby elevated staining was observed in 
the bubble region of the ARS (Fig. 9A). Quantification of the images 
revealed significantly greater staining in the proximal region of the ARS 
compared to the distal region as well as collagen-only constructs 
(Fig. 9B). Furthermore, we also evaluated blood vessel formation within 
the constructs due its importance for the survival of implanted cells 
(Supplemental Fig. S8). For all groups, vessel density and penetration 
distance increased from day 7 to day 14. However, no significant dif-
ferences were observed between groups.

4. Discussion

Biomaterials research has traditionally focused on the development 
of materials with preprogrammed compositions and characteristics 
[54]. More recently, there has been a significant push towards devel-
oping biomaterials that can be externally controlled in a spatiotemporal 
manner [55]. This effort aims to replicate the dynamic microenviron-
ments found in natural tissues, which are crucial for regulating cell 
behaviors and functions, as well as provide user-directed control of 
regenerative processes which intrinsically involve dynamic microenvi-
ronmental biochemical and biophysical cues. Given this objective, here 
we investigated the effect of ultrasound-mediated matrix compaction on 
the osteogenic differentiation of MSCs. The current study leveraged an 
innovative ARS technology previously developed by our group for 
on-demand drug delivery [42,56]. This is the first demonstration of 
using ADV to modulate matrix compaction to enhance MSC differenti-
ation in 3D.

Consistent with previous studies in fibrin-based ARSs [41,57], ADV 
occurred at lower rarefactional pressures than IC in collagen-based 

ARSs. IC is the rapid growth and collapse of a bubble that is driven by 
the inertia of the surrounding medium. Stable bubbles were generated at 
37oC following ADV of PSDE containing perfluorohexane, which has a 
bulk boiling point of ~56oC. The diffusion of dissolved gases from the 
surrounding microenvironment into the generated bubble [58] as well 
as the high solubility of oxygen within PFC liquids [59] assist with 
bubble stability. PFCs, especially those with longer carbon chain lengths 
like perfluorohexane, have coefficients of diffusivity, solubility, and 
permeability that are considerably lower than air (i.e., O2, N2, etc.) [60]. 
This, in addition to the large size of the ADV-generated bubbles that 
increases dissolution time [61], also contributes to bubble stability 
within the ARS. As seen in the in vivo data, there was bubble destabi-
lization when comparing day 7 and day 14 that can be attributed to 
mechanisms like dissolution, Ostwald ripening, and coalescence [62].

The Young’s modulus increased significantly in the matrix region 
proximal to the ADV-generated bubble due to compaction and was 
similar to the modulus of osteoid tissue [63]. However, the modulus in 
the proximal region did not increase over time, which is distinct from a 
prior study in fibrin-based ARSs [36]. One key difference is the initial 
modulus of the collagen-based ARS (4.2 kPa on day 1) was significantly 
higher than the fibrin-based ARS (0.5 kPa) in the distal region. Thus, the 
ability of ADV to locally increase stiffness appears to be dependent on 
both the initial modulus of the matrix and matrix composition. Here, the 
measured values reflect the micromechanical properties of collagen in 
the vicinity of ADV-generated bubbles and PSDEs. The hierarchical 
structure and orientation of collagen fibers (i.e., from individual triple 
helical molecules to assembled fibrils and larger fibers) play a crucial 
role in the anisotropic, mechanical properties of bone tissue [64,65]. 
Collagen fibers exhibit nonlinear elastic behavior, with stiffness 
increasing with strain (i.e., strain stiffening). This behavior is influenced 
by the entropic elasticity of the collagen molecules (entropic model) and 
the geometric alignment of fibers, contributing to the anisotropic me-
chanical response of bone. The entropic model also suggests that the 
elasticity of individual collagen fibers does not follow a simple, linear 
relationship with strain. Instead, their resistance to being stretched in-
creases disproportionately as they are extended. The non-linear elas-
ticity behavior of collagen fibers could explain the arrest in modulus 
increase of the proximal region over time [66,67].

MSCs respond to their physical microenvironment, including sub-
strate stiffness, via mechanotransduction. We observed greater nuclear 
translocation of RUNX2 and higher expression of OCN in encapsulated 
MSCs located proximal (≤Wc) versus distal (>Wc) to the bubble. This 
suggests that localized compaction and stiffening of the collagen matrix 
by ADV boosted the expression of bone markers, guiding encapsulated 
MSCs toward osteogenic differentiation. Previously, MSCs adhered to 
PEG hydrogels that were photostiffened from 1 kPa to 12 kPa (shear 
storage modulus) exhibited a 3-fold and 47% increase in RUNX2 mRNA 
expression and nuclear translocation, respectively, after 72 h [28]. 
However, in this study, N/C ratios decreased from day 7 to day 14. Prior 
studies have illustrated a dynamic pattern of RUNX2 expression during 
osteoblast differentiation [68,69]. During early stages, nuclear trans-
location of RUNX2 increases as MSCs commit to the osteoblast lineage 
and differentiate into preosteoblasts. As differentiation progresses, the 
expression of RUNX2 and its nuclear translocation may decrease slightly 
or remain relatively stable as other transcription factors and signaling 
pathways become activated to further promote osteoblast maturation 
and function [70]. Our in vivo results showed elevated N/C ratio of 
RUNX2 in the proximal region even on day 14. This suggests a slower or 
prolonged early osteogenic phase in the in vivo environment compared 
to in vitro culture. The duration of this commitment phase or the kinetics 
of osteogenic differentiation can be influenced by various factors such as 
culture conditions, growth factors, cell source, and mechanical stimuli 
[49,71]. In vitro experiments were conducted in bipotential media with 
growth factors, cytokines and other supplements that promoted differ-
entiation; these external biochemical cues were absent in the in vivo 
studies.
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Investigating the adipogenic behavior of MSCs, the expression of 
PPAR-γ may be attributed to their pre-commitment stage and basal 
production level [72]. However, PPAR-γ expression in the proximal 
region was relatively low compared to the distal region suggesting a 
phenotypic shift of MSCs when in a stiffer matrix. By the end of two 
weeks, PPAR-γ expression decreased regardless of cell location, indi-
cating the commitment of MSCs toward an osteogenic lineage.

Ultrasound, specifically low-intensity pulsed ultrasound (LIPUS), has 
been approved by the United States Food and Drug Administration to 
promote fracture healing [73]. Though LIPUS parameters (i.e., fre-
quency, pressure, duty cycle) are very different than the ultrasound 
parameters used to generate ADV in this study, it is important to high-
light relevant findings. LIPUS increased RUNX2 gene expression of MSCs 
in osteogenic media and decreased expression of PPAR-γ in adipogenic 
media [74]. Other studies have noted increases in RUNX2 and OCN 
expression in both growth and osteogenic media [75–77]. Our in vitro 
studies revealed that MSCs exposed to ultrasound within a collagen-only 
hydrogel exhibited no change in RUNX2 expression and a decrease in 
OCN levels (day 7 only) compared to a group without ultrasound.

As indicated by birefringence imaging, ADV-generated bubbles 
caused alignment of the collagen matrix in the proximal region, where 
greater nuclear elongation was also observed. Coupled with the collagen 
structure observed by confocal microscopy, it appears that collagen 
alignment was circumferential to the bubble-collagen interface. In the 
absence of ADV, minimal alignment was observed within the collagen 
matrix. Decreases in nuclear circularity have been associated with 
depletion of lamin A/C and markers of adipogenesis [78]. In general, 
topographical features of substrates and hydrogels have been shown to 
influence MSC behaviors. Osteogenic differentiation was enhanced 
when MSCs were cultured on aligned versus randomly oriented fibers 
[51]. Nuclear morphology of MSCs was also more sensitive to scaffold 
architecture than differentiated fibrochondrocytes [79].

For in situ, bone regeneration, implanted biomaterials should facil-
itate recruitment of MSCs and other relevant host cells [80]. However, 
conventional scaffolds used for bone regeneration often possess high 

stiffnesses and low porosities, which impede host cell invasion. The use 
of an ARS, potentially in combination with ultrasound-mediated cyto-
kine delivery, could facilitate in situ regeneration by enabling 
on-demand control of matrix stiffening after endogenous MSC migra-
tion. One limitation of the presented technique is the spatial heteroge-
neity of bubbles within the ARS. A potential strategy to increase 
homogeneity is to spatially pattern emulsion and thus resulting 
ADV-induced bubbles using bioprinting [81]. Future research efforts 
will focus on assessing the impact of ultrasound and hydrogel parame-
ters on ADV-mediated compaction. For example, maximizing the frac-
tion of matrix compacted by ADV could be relevant. Additionally, the 
synergy of ADV to trigger release of bioactive factors, in addition to 
matrix compaction, could be beneficial in providing MSCs with relevant 
biochemical and biophysical cues required for differentiation.

5. Conclusions

Ultrasound was used to generate bubbles within composite collagen 
ARSs via the vaporization of perfluorohexane-loaded emulsion. Bubbles 
radially compacted the surrounding collagen matrix, which led to a 
significant increase in the Young’s modulus proximal to the bubble. 
Bubble generation did not impact the viability or proliferation of MSCs 
encapsulated within the ARS. MSCs proximal to the bubble exhibited 
higher nuclear localization of RUNX2 with elevated levels OCN 
expression and decreased levels of CD90 compared to MSCs distal to the 
bubble. Bubbles also caused localized alignment of the collagen fibers 
that was associated with increased nuclear asymmetry. Overall, these 
results highlight the potential of using an ARS to non-invasively 
modulate MSC behaviors.

Ethics approval and consent to participate

All animal procedures were approved by the University of Michigan 
Institutional Animal Care and Use Committee. This study does not 
include human subjects.

Fig. 8. Immunohistochemical analysis of in vivo differentiation of MSCs in collagen ARSs. A) Confocal micrographs show the nuclear localization of RUNX2 on day 7 
and day 14. B) The N/C ratio of RUNX2 is plotted versus distance from the bubble-collagen interface. The dotted red line is Wc. The N/C ratio in C) ARSs and D) 
collagen-only gels on day 7 and day 14 is displayed. Proximal (prox) and distal (dist) regions are shown in panel C. N = 577–2408 cells per group. E) Confocal 
micrographs show the expression of OCN on day 7 and day 14. F) The intensity of OCN expression is plotted versus distance from the bubble-collagen interface. OCN 
intensity in G) ARSs and H) collagen-only gels. N = 884–1901 cells per group. I) Confocal micrographs show the expression of CD90 on day 7 and day 14. J) The 
intensity of CD90 expression is plotted versus distance from the bubble-collagen interface. CD90 intensity in K) ARSs and L) collagen-only gels. N = 858–1071 cells 
per group. Significant differences are denoted as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns denotes a non-significant difference. All scale 
bars are 100 μm.

Fig. 9. ADV-generated bubbles enhanced in vivo mineralization. A) Elevated Alizarin red staining was observed in ARSs explanted on day 14. Higher magnification 
images are shown in the second row. Scale bars: 200 μm (top row) and 100 μm (bottom row). B) The intensity of Alizarin red staining is shown for each group. 
Significant differences are denoted as follows: *p < 0.05, and ****p < 0.0001; ns denotes a non-significant difference.
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