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Ultrasound-Induced Mechanical Compaction in Acoustically
Responsive Scaffolds Promotes Spatiotemporally
Modulated Signaling in Triple Negative Breast Cancer

Brock A. Humphries, Mitra Aliabouzar, Carole Quesada, Avinash Bevoor,
Kenneth K. Y. Ho, Alex Farfel, Johanna M. Buschhaus, Shrila Rajendran, Mario L. Fabiilli,*
and Gary D. Luker*

Cancer cells continually sense and respond to mechanical cues from the
extracellular matrix (ECM). Interaction with the ECM can alter intracellular
signaling cascades, leading to changes in processes that promote cancer cell
growth, migration, and survival. The present study used a recently developed
composite hydrogel composed of a fibrin matrix and phase-shift emulsion,
termed an acoustically responsive scaffold (ARS), to investigate effects of local
mechanical properties on breast cancer cell signaling. Treatment of ARSs with
focused ultrasound drives acoustic droplet vaporization (ADV) in a
spatiotemporally controlled manner, inducing local compaction and stiffening
of the fibrin matrix adjacent to the matrix–bubble interface. Combining ARSs
and live single cell imaging of triple-negative breast cancer cells, it is
discovered that both basal and growth-factor stimulated activities of protein
kinase B (also known as Akt) and extracellular signal-regulated kinase (ERK),
two major kinases driving cancer progression, negatively correlate with
increasing distance from the ADV-induced bubble both in vitro and in a
mouse model. Together, these data demonstrate that local changes in ECM
compaction regulate Akt and ERK signaling in breast cancer and support
further applications of the novel ARS technology to analyze spatial and
temporal effects of ECM mechanics on cell signaling and cancer biology.

1. Introduction

Rather than serving merely as an inert framework for tumors, re-
search now clearly demonstrates that extracellular matrix (ECM)
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mechanics, architecture, and composition
regulate key processes in tumor initia-
tion, growth, and local invasion.[1–3] In-
creased deposition of ECM proteins in nor-
mal breast tissue, detected clinically as
increased breast density on mammogra-
phy, correlates with greater risk of breast
cancer.[4] In breast cancer and multiple
other malignancies, carcinoma-associated
fibroblasts secrete and cross-link addi-
tional ECM proteins, elevating overall me-
chanical stiffness of a tumor relative to
normal tissue. Stiffness and architecture
evolve during tumor progression, adding
time-dependent, varying inputs to cancer
cells that may alter signaling and func-
tions. While commonly considered as a
macroscale property, breast tumors show
regional and even microscale variations
in ECM compaction with resultant effects
on properties such as stiffness, porosity,
and ligand density.[5–7] However, investi-
gators largely have overlooked how local
heterogeneities in ECM properties affect
cancer cells. We propose that local dif-
ferences in ECM properties elicit varying

mechanosignaling and mechanobiologic effects on cancer cells,
contributing to overall intercellular variations in behaviors of can-
cer cells.
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To advance our understanding of local, rather than macro-
scopic, effects of matrix compaction on cell signaling, we
capitalized on our recent acoustically responsive scaffold (ARS)
technology.[8] The ARS platform combines an ECM protein, such
as fibrin, with perfluorocarbon (PFC)-containing phase-shift
emulsions. Application of focused ultrasound, a noninvasive
and clinically used technology, induces a liquid to gas phase
transition of the emulsion, a mechanism known as acoustic
droplet vaporization (ADV).[9,10] Focused ultrasound generates
ADV at sub-millimeter resolution in an ARS, thereby creating
a smart hydrogel platform with precise spatial and temporal
control of micromechanical and microstructural changes in the
ECM.[11–13] Specifically, our previous work demonstrated that
the mechanical strain exerted on the surrounding matrix from
ADV-generated bubbles resulted in significant, local compaction
and stiffening of ECM adjacent to the matrix–bubble interface.[8]

This radial compaction of the ECM is driven by the volumetric
expansion of the PFC phase during ADV, which is approximately
125-fold, followed by growth of the ADV-generated gas bubble
due to inward diffusion of gases in the local microenvironment
(i.e., in-gassing). This ADV-induced stiffening occurs in strain
stiffening matrices such as natural biopolymers like fibrin.
Stiffening in fibrin-based ARSs, with initial Young’s moduli of
0.2 kPa, ranged from ≈5-fold (1 h) to 20-fold (4 days) increases
over nonbubble regions after ADV, which falls within the range
of values measured in human breast tumors.[14–18] ADV-induced
increases in stiffness within an ARS were hyperlocal[19] with
significant differences observed at micron scale lengths and as-
sociated with concurrent decreases in matrix porosity. Our novel
ARS technology allows us to create hydrogels with local, spa-
tially defined, physiologically relevant variations in biophysical
properties of the ECM. Because ECM properties like stiffness,
porosity, and ligand density are interrelated, we refer to the
ADV-induced changes to these properties in the ARS as ECM
compaction.

Using ARSs, we investigated effects of temporally defined,
local changes in ECM mechanical compaction on protein kinase
B (also known as Akt) and extracellular signal-regulated kinase
(ERK) signaling in triple-negative breast cancer (TNBC). Akt and
ERK promote fundamental processes in tumor initiation and
progression, including proliferation, survival, and invasion.[20,21]

Activation of Akt and/or ERK occurs in ≈70% of TNBC, moti-
vating efforts to understand ECM inputs controlling basal and
growth-factor dependent regulation of these kinases. Using live,
single-cell fluorescent imaging reporters to quantify Akt and
ERK, we discovered that both basal and growth-factor stimulated
activities of ERK and Akt in TNBC cells correlated negatively
with distance from an ADV-induced bubble. We also used
ARSs to control local mechanics and Akt and ERK activation
in a mouse model, demonstrating the novel capability of this
technology to readily transition from in vitro to in vivo settings.
Overall, these data demonstrate the power of ARSs to modulate
ECM compaction on a microscale level and reveal how local
variations in ECM stiffness produce heterogeneity in cancer cell
signaling.

2. Results

2.1. ADV Resulted in Local Fibrin Compaction and Stiffening in
ARSs

Conversion of a phase-shift emulsion into a gas bubble via ADV
resulted in consolidation of the fibrin matrix surrounding the
bubble, thereby locally elevating the fluorescence signal within
the matrix (Figure 1A). The time-dependent intensity profiles
from the bubble–fibrin interface indicated that the diffusion-
driven growth of the ADV-generated bubbles further increased
the width of the consolidated fibrin region (Figure 1B,C). To as-
sess the spatial variation in Young’s moduli, we mapped moduli
within approximately a 100 μm distance from the bubble–fibrin
interface in an ARS (Figure 1D). The lowest and the highest mea-
sured Young’s moduli within the interrogated distance were 0.18
and 3 kPa, respectively.

2.2. ADV-Induced Matrix Stiffening Enhances Kinase Activity in
TNBC

We investigated how ADV-induced changes to the fibrin matrix
affected signaling of TNBC cells encapsulated within the ARSs
(Figure 2A). As fibrin is a physiologically relevant ECM compo-
nent in breast tumors,[22,23] we used this system to capture ef-
fects of local matrix compaction on single-cell activation of Akt
and ERK, kinases central to pathways mutated in over 30% of all
cancers.[24] To study dynamics of Akt and ERK activities, we used
MDA-MB-231 and SUM159 TNBC cells stably expressing fluo-
rescent kinase translocation reporters (KTRs) for each kinase.[25]

KTRs reversibly translocate between the cytoplasm and nucleus
based upon phosphorylation of a known downstream substrate
specific to Akt or ERK (Figure 2B). Accumulation of signal in the
nucleus (dephosphorylated KTR) signifies that the kinase is “off,”
while signal in the cytoplasm (phosphorylated KTR) indicates
that the kinase is “on.” Although we define “off” and “on” states,
we note that KTRs provide an analog readout of relative kinase ac-
tivities. In addition to the Akt-KTR (fused to Aquamarine) and the
ERK-KTR (fused to mCitrine), our reporter system also contains a
histone H2B marker fused to mCherry to denote the nucleus. The
nuclear marker allows simultaneous quantification of the KTR
and distance of the cell from a bubble in the ARSs (Figure 2C).

To identify effects of ADV-induced matrix stiffening signaling
on Akt and ERK activities, we used live-cell imaging to compare
dynamics of the Akt and ERK KTRs in single cells in four dif-
ferent conditions: i) fibrin only gels, ii) fibrin gels with focused
ultrasound, iii) ARSs, and iv) ARSs treated with ultrasound to
generate ADV. In fibrin gels, Akt activity decreased in MDA-MB-
231 cells over time in culture (Figure 3A; Figure S1, Supporting
Information). Treatment of these gels with focused ultrasound
did not significantly affect Akt activity (Table S1, Supporting
Information). Consistent with these data, Akt activity decreased
over time in ARSs without focused ultrasound. However, in
striking contrast, treatment of ARSs with focused ultrasound
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Figure 1. Acoustic droplet vaporization (ADV) resulted in local compaction and stiffening of fibrin surrounding the bubbles. A) Confocal microscopy
images of acoustically responsive scaffolds (ARSs) before and after ADV are shown. For matrix visualization, ARSs contained Alexa Fluor 647-labeled
fibrinogen (fibrinogen647). B) Longitudinal, 1D intensity profiles of fibrinogen647, were derived from confocal images containing a single ADV-generated
bubble (like Day 0 and Day 2 images in panel A). 0 μm corresponds to the bubble–fibrin interface. C) Gaussian fitting was performed on the intensity
profiles to calculate the full width at half-maximum (FWHM) thickness of the consolidated fibrin region (n = 8 (Day 0), n = 13 (Day 2), n = 18 (Day
3)). Statistically significant differences (p < 0.05) are denoted as follows: 𝛼 versus Day 0. D) A 1D profile of the Young’s modulus was generated 1 h
post-ADV using atomic force microscopy. 0 μm corresponds to the bubble–fibrin interface. Scale bar: 20 μm.

enhanced Akt activity (Figure 3A; Figure S1, Supporting Infor-
mation) to levels significantly higher than other combinations
(Table S1, Supporting Information). Although MDA-MB-231
cells typically exhibit enhanced baseline activation of ERK due to
mutant KRAS and BRAF,[26] we found that activity of ERK par-
alleled activity of Akt. ERK activity did not differ greatly among
fibrin gels without the emulsion and ARSs without focused ultra-
sound. However, treatment of ARSs with focused ultrasound also
significantly enhanced activity of ERK (Figure 3A; Figure S1 and
Table S2, Supporting Information). SUM159 TNBC cells, which
exhibit constitutively active Akt due to mutant phosphatidylinos-
itol 3-kinase (PI3K),[26] also showed significantly enhanced activ-
ities of both Akt and ERK only in ARSs with focused ultrasound.
(Figure S2A,B; Tables S3 and S4, Supporting Information). As
a complementary method to investigate effects of hydrogel com-
paction on ERK and Akt activities in ARSs, we cultured cancer
cells in gels with different densities of fibrin (2.5, 10, and 20 mg
mL−1) to progressively increase stiffness. Comparable to our
ARSs, activities of ERK and Akt decreased over time in fibrin gels
(Figures S3 and S4 and Tables S5–S8, Supporting Information)
with increasing fibrin density generally maintaining greater
signaling by these kinases. It is important to recognize that with
fibrin hydrogels, matrix properties are interrelated. As such, an

increase in matrix density leads to simultaneous increases in
matrix stiffness and ligand density as well as a decrease in matrix
porosity.[27,28] Overall, these data, combined with our ARS exper-
iments, demonstrate that the aforementioned matrix parameters
contribute at least in part to enhanced kinase signaling.

2.3. Cells Proximal to the ADV-Induced Bubble Exhibit Increased
Kinase Activities

We next investigated the relationship between Akt and ERK sig-
naling and the distance of single cells from the ADV-induced
bubble. Both Akt and ERK signaling decreased in MDA-MB-
231 (Figure 3B) and SUM159 (Figure S5A, Supporting Informa-
tion) cells with increasing distance from the ADV-induced bub-
ble. Each day demonstrated a significantly nonzero linear regres-
sion for MDA-MB-231 cells (p < 0.001, 95% confidence intervals
shown in Tables S9 and S10 in the Supporting Information). Con-
sistent with these data, SUM159 cells also showed significantly
nonzero linear regression (Day 1 ERK (p < 0.01), Day 2 Akt and
ERK (p < 0.001), and Day 3 Akt and ERK graphs (p < 0.01), 95%
confidence intervals shown in Tables S11 and S12 in the Support-
ing Information). Data from SUM159 cells show significantly
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Figure 2. Imaging acoustically responsive scaffolds containing breast cancer cells to measure cell signaling. A) Schematic of the acoustically responsive
scaffold (ARS). ARSs containing breast cancer cells and a phase-shift emulsion (left) were exposed to focused ultrasound to generate acoustic droplet
vaporization (ADV), which induces bubble formation and drives micromechanical and microstructural changes to the fibrin matrix (middle). These
changes increase matrix compaction closer to a bubble (right). B) Schematic (left) and representative images (right) of ERK and Akt kinase translocation
reporters (KTRs). Phosphorylation (+P) and dephosphorylation (−P) of the kinase substrate drives the reporter into the cytoplasm (kinase “on”) or
nucleus (kinase “off”), respectively. Scale bars are 20 μm. C) Representative images of MDA-MB-231 breast cancer cells containing kinase translocation
reporters (KTRs) for both ERK and Akt kinases near a bubble (white arrow) generated by ADV. Scale bar is 50 μm.

enhanced Akt and ERK activity in the ARSs over time, contrast-
ing with MDA-MB-231 cells under the same conditions. Dividing
these cells into groups proximal (<100 μm) or distal (>100 μm)
to a bubble demonstrated greater activities of Akt and ERK in
cells proximal to the ADV-induced bubble in both MDA-MB-231

(Figure 3C) and SUM159 (Figure S5B, Supporting Information)
cells. Activities of ERK and Akt decreased with time in ARSs,
consistent with prior studies showing reduced signaling in 3D
relative to 2D cultures.[29] We note that distributions of MDA-
MB-231 cells relative to the bubble decrease with time, while we
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Figure 3. Enhanced signaling in MDA-MB-231 breast cancer cells closer to the ADV-induced bubble. A) Graphs show mean ± SEM for Akt and ERK KTRs
in MDA-MB-231 breast cancer cells treated with or without focused ultrasound cultured in ARSs without (left) or with (right) the phase-shift emulsion
(n ≥ 117 cells per group). We imaged cells immediately after focused ultrasound (Day 0) and for three subsequent days. B) We quantified activation of
Akt (left) and ERK (right) (n ≥ 259 cells per group) signaling relative to distance of the cell from the bubble surface, demonstrating that cells closest to
the bubble surface signal more. All graphs show a significant nonzero linear regression (p < 0.001). C) Graph shows mean ± SEM log2 cytoplasmic-to-
nuclear ratios (CNR) for Akt and ERK KTRs of cells close (<100 μm) or far (>100 μm) from the bubble at each time point (n ≥ 85 cells per group). The
CNR is the log2 measurement of the fluorescence intensity of the KTR in the cytoplasm relative to the fluorescence intensity of the KTR in the nucleus.

observed the opposite trend with SUM159 cells. We believe these
differences arise from greater detection of SUM159 cells deeper
in gels relative to MDA-MB-231 cells rather than inherent differ-
ences in biology. These data demonstrate that enhanced matrix
compaction near an ADV-induced bubble drives increased activ-
ities of Akt and ERK relative to distal regions.

2.4. Cells Proximal to the ADV-Induced Bubble Show Increased
Growth Factor Signaling

As data from Section 2.3 focus on baseline activities of ERK and
Akt, we next investigated to what extent ADV-induced mechan-
ical changes to the fibrin matrix altered immediate signaling
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responses to one-time stimulation with an established growth
factor, epidermal growth factor (EGF). We cultured MDA-MB-
231 cells in ARSs for three days after ADV; treated cells with EGF
(50 ng mL−1) as the stimulus and, using live-cell imaging; and
quantified KTR activities for cells proximal (<100 μm) and distal
(>100 μm) from the ADV-induced bubble. We observed heteroge-
neous Akt and ERK baseline activities, with single-cell responses
to EGF ranging from strong (>0.5 log2 CNR) to weak (<−0.5 log2
CNR) activation of both Akt and ERK (Figure 4A). Although cells
proximal to the bubble initially showed elevated activities of Akt
and ERK, we still observed differences in cellular responses to lig-
and. Single-cell time tracks showed greater signaling responses
to EGF in cells proximal to an ADV-induced bubble relative to
those in distal regions (Figure 4B). Like data for baseline activities
of Akt and ERK, responses to EGF correlated negatively with dis-
tance from an ADV-induced bubble. Cells located proximal to the
ADV-induced bubble showed enhanced activity relative to those
in distal regions (Figure 4C). Both Akt and ERK exhibited a sig-
nificantly nonzero linear regression (p < 0.01, 95% confidence
intervals shown in Table S13 in the Supporting Information). We
also confirmed that ADV did not cause cytotoxicity to cells as
defined by a LIVE/DEAD dye (Figure S6, Supporting Informa-
tion), ruling out effects of cell death on signaling responses to
EGF. Together, these results demonstrate that enhanced matrix
compaction near an ADV-induced bubble corresponds to greater
EGF-mediated signaling responses.

2.5. ARSs Drive Enhanced Akt and ERK Signaling In Vivo

To extend our data into an in vivo setting, we next injected ARSs
containing MDA-MB-231 cells directly into the lower dorsal re-
gions parallel to and on either side of the spine of nude mice.
Two days after injection, we treated only one injection site with fo-
cused ultrasound. Immediately after injection, live-cell imaging
showed heterogeneity in Akt and ERK activities between mice
(Figure 5A). In one mouse, focused ultrasound produced mod-
est increases in kinase activities, while the other mouse showed
a marked increase in activities of Akt and ERK in the ARS treated
with focused ultrasound. Quantification of Akt and ERK signal-
ing three days after focused ultrasound produced more homoge-
neous data (Figure 5A). In each mouse, focused ultrasound in-
creased Akt and ERK activities. Combining data from all mice
(Figure 5B) showed significant increases in Akt and ERK activi-
ties in ARSs treated with focused ultrasound (Tables S14 and S15,
Supporting Information). Furthermore, Akt and ERK activities
in ARSs treated with focused ultrasound correlated with distance
from an ADV-induced bubble (Figure 5C). Cells located proximal
to an ADV-induced bubble showed enhanced activity relative to
those in distal regions with both Akt and ERK having a signifi-
cantly nonzero linear regression (p < 0.001, 95% confidence in-
tervals shown in Table S16 in the Supporting Information). To-
gether, these data demonstrate that mechanical compaction in-
duced by ADV drives activation of Akt and ERK in mice.

3. Discussion

Developing more effective treatments for cancer requires better
understanding of processes regulating key signaling pathways

in tumor progression. Mechanical stiffening of ECM correlates
with increased risk for breast cancer initiation and progression,
but directly targeting ECM mechanics remains an unmet clin-
ical challenge. While other studies demonstrate that enhanced
ECM stiffness drives cell survival, proliferation, and motility,[30,31]

mechanisms driving these fundamental processes in cancer re-
main poorly defined.

We investigated effects of local ECM compaction on single-cell
activities of Akt and ERK, two major kinases driving essential
steps in tumor initiation, progression, and metastasis in breast
cancer and multiple other malignancies.[20,21] We leveraged an
innovative ARS technology previously developed and character-
ized by our group. With this system, focused ultrasound gener-
ates ADV-induced bubbles in a fibrinogen/fibrin hydrogel con-
taining a phase-shift emulsion. The technology provides several
key biologic and biophysical advantages for this research. Fib-
rinogen/fibrin accumulates in the ECM of primary breast tumors
and other malignancies,[22,32,33] making it a physiologically rele-
vant matrix protein. Fibrin enhances survival of circulating tu-
mor cells and promotes vascular extravasation in lung metas-
tasis. Like other natural biopolymers, ADV-induced mechanical
strain causes fibrin to exhibit strain stiffening,[8] increasing ma-
trix density and reducing pore size in proximity to a bubble. Bub-
bles expand over time, creating progressively greater effects on
local mechanical properties of the ARS. Focused ultrasound al-
lows temporal control of bubble formation in the ARS. Temporal
control allows us to directly compare kinase activities of breast
cancer cells in hydrogels with the same composition. Focused ul-
trasound generates hydrogels with defined local variations in me-
chanical compaction rather than changing overall macroscopic
mechanics and composition of the environment. Finally, our ARS
technology produces well-characterized local variations in ECM
compaction without detectable loss of viability of cells encapsu-
lated in the hydrogel.

Other studies have identified effects of substrate stiffness on
Akt and ERK activity.[34–36] We advance on these studies by com-
bining our ARS technology with live, single-cell imaging to deter-
mine how activities of Akt and ERK respond to local differences
in mechanics based on relative distances from ADV-induced bub-
bles. In 3D cell cultures and living mice, we discovered that lo-
cal increases in ECM compaction increase basal and EGF-driven
activities of Akt and ERK in two different triple-negative breast
cancer cell lines. ECM compaction-dependent increases in both
Akt and ERK occurred even in cells with constitutive activa-
tion of Akt due to a phosphatidyl-3-kinase mutation in SUM159
cells or ERK from KRas and BRaf mutations in MDA-MB-231
cells, respectively. Activities of Akt and ERK correlated positively
with increases in ECM compaction as defined by distance from
an ADV-induced bubble. Live-cell imaging with two-photon mi-
croscopy also revealed that ARSs activate Akt and ERK in breast
cancer cells near ADV-induced bubbles when implanted into liv-
ing mice. Effects of ADV-induced bubbles increased over time in
vivo, likely because of progressive expansion of bubbles and asso-
ciated local stiffness in ARSs. Collectively, these studies establish
that local ECM compaction in a tumor environment, achieved
without altering macroscopic composition of ECM, promotes Akt
and ERK signaling in breast cancer.

Our research contributes to ongoing advances in technolo-
gies and approaches to understand how ECM stiffness drives
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Figure 4. Cancer cells nearest the bubble surface show increased EGF signaling. After 3 days in an ARS, we performed time-lapse imaging of Akt and
ERK KTRs before (0 min) and 30 min after addition of EGF (50 ng mL−1). A) Graphs show summaries (mean ± SD) of Akt (left) and ERK (right) KTR
activation at the initial time point before addition of EGF (n = 20 cells per group). *p < 0.05. Dashed line represents the mean log2 CNR in cells proximal
(<100 μm) to the bubble. B) Single-cell time tracks show EGF-dependent activation of Akt and ERK in individual MDA-MB-231 breast cancer cells with
KTR values displayed on a pseudocolor scale. We normalized data to Akt and ERK values at the initial time point for each cell (0 min). The graph sorts
cells by distance from the bubble surface with cells nearest the bubble on top. The purple line separates cells nearest the bubble (<100 μm, n = 20 cells)
from those furthest (>100 μm, n = 20 cells) from the bubble. C) Graphs show normalized area under the curve (AUC) for Akt (left) and ERK (right)
signaling from (B) relative to distance of a cell from the bubble surface, demonstrating that cells most proximal to the bubble surface signal the most.
Both graphs show a significant nonzero linear regression (p < 0.01).
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Figure 5. Acoustically responsive scaffolds (ARSs) increase MDA-MB-231 signaling in vivo. Graphs show mean ± SEM for Akt and ERK KTRs in MDA-
MB-231 breast cancer cells treated with or without targeted ultrasound cultured in ARSs with the phase-shift double emulsion (n ≥ 60 cells per group)
in individual mice (n = 2 at Day 0 and n = 3 mice at Day 3) A) or with the mice combined B). We imaged cells immediately after targeted ultrasound
(Day 0) and 3 days later (Day 3). C) We quantified and combined the activation of Akt (left) and ERK (right) (n = 215 cells per group) signaling relative
to distance of a cell from the bubble surface for each mouse, demonstrating that cells closest to the bubble surface signal more. Both graphs show a
significant nonzero linear regression (p < 0.001).

mechanotransduction in cancer. We and others have developed
3D hydrogel systems with tunable control of stiffness across
the range present in normal breast tissue to advanced breast
tumors.[37–40] These systems established that macroscopic ECM
stiffness regulates multiple processes in cancer, including stem-
like states, drug resistance, signaling, proliferation, invasion, and
formation of blood vessels.[41,42] However, macroscopic measure-
ments of overall stiffness of a hydrogel, particularly measure-
ments done in the absence of cells, fail to detect local variations
in stiffness caused by changes in distribution of ECM fibers,
pore sizes, or matrix degradation by cells. Such variations con-
tribute to heterogeneity of cellular behaviors observed among sin-
gle cells embedded in hydrogels. Advances in material science
have generated hydrogels with spatial and/or temporal control

of cross-linking or degradation to modify stiffness as a one-time
change, gradients, or even reversibly.[43–45] The ability to dynam-
ically change ECM conditions better recapitulates evolution of
tumor environments.[46] Investigators use a variety of different
stimuli to generate changes in ECM stiffness, including heat,
ultraviolet light, and electric fields.[47–49] While effective at mod-
ulating ECM stiffness, heat, ultraviolet light and electric fields
may damage cells embedded in hydrogels and/or not translate
successfully to in vivo settings. Using focused ultrasound to dy-
namically control ECM compaction overcomes such limitations.
As demonstrated previously and in this manuscript, our ARS
technology produces local increases in ECM stiffness based on
proximity to bubbles that progressively expand, producing time-
dependent increases in mechanical force. Application of focused

Adv. Healthcare Mater. 2022, 11, 2101672 © 2022 Wiley-VCH GmbH2101672 (8 of 12)
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ultrasound caused no toxicity to cancer cells cultured in ARSs in
vitro. We also showed that focused ultrasound with our ARS sys-
tem successfully modulated kinase activities of breast cancer cells
in hydrogels implanted into living mice. The ability to readily ma-
nipulate local ECM compaction in vivo opens new opportunities
to investigate tumor mechanics in physiologic settings and po-
tentially translate to applications in humans.

Cells sense mechanical changes in the ECM through a va-
riety of cell surface molecules, including receptor tyrosine ki-
nases, integrins, and G protein-coupled receptors. Exogenous
force can cluster and activate these receptors, and expression
of these receptors increases on cells cultured in more rigid
environments.[50,51] As these families of receptors all signal
through Akt and ERK, ECM compaction can activate these ki-
nases through force-dependent regulation of cell surface recep-
tors. Indeed, receptor levels and signaling are altered in stiff ver-
sus soft tumors, and these receptors can modify the tumorigenic
behavior of a tissue.[52–54] Therefore, ECM compaction-mediated
changes to cell surface receptors may explain enhanced basal and
ligand-dependent activation of Akt and ERK in ARSs. Observed
effects of mechanical compaction up to 100 μm on Akt and ERK
are consistent other studies showing that breast cancer cells can
sense mechanical signals a few hundred microns away.[55] In ad-
dition, time-dependent expansion of bubbles after focused ultra-
sound likely accounts for greater and more consistent increases
in Akt and ERK between days 0 and 3 in hydrogels implanted into
mice.

While ARSs with focused ultrasound generate defined gradi-
ents of mechanical compaction, we still observed heterogene-
ity in Akt and ERK activities at similar distances from a bub-
ble. Intercellular variations in effects of compaction on these ki-
nases indicate that other parameters, such as paracrine signaling,
couple with compaction to control functions of cancer cells.[56]

Single cells in seemingly uniform environments sense different
amounts of force exerted on cell membranes, which also may
contribute to heterogeneity in kinase activities in vitro and in
vivo.[57] Future studies using single-cell imaging methods to mea-
sure membrane tension experienced by individual cells, in com-
bination with KTRs, would allow us to directly relate local per-
ceptions of compaction in each cell to kinase activities.[58] Such
experiments would provide new insights into tumor heterogene-
ity and effects of ECM compaction on cell signaling and resultant
effects on tumor initiation and progression in TNBC.

This study establishes ARSs as a stimulus-responsive, smart
hydrogel technology to regulate local ECM compaction in a tu-
mor environment. Coupling this system with live-cell imaging
enables quantitative measurements of cell functions and behav-
iors, shifting studies of ECM mechanics from macroscopic, bulk
measurements to single cells. As demonstrated in the current
manuscript, our approach reveals heterogeneous responses of
cancer cells to ECM compaction, producing intercellular differ-
ences in signaling through Akt and ERK. The ability to read-
ily transition from in vitro systems to living animals provides a
unique opportunity to investigate spatially and temporally con-
trolled effects of ECM compaction on cancer biology and ther-
apy. Future applications of the technology include investigations
of durotaxis (migration in response to a stiffness gradient) with
subsequent progression to metastasis, as well as both local ef-
fects of mechanical compaction and the combined biochemical

and mechanical cues of ADV on drug resistance and tumor re-
currence. We also envision generating ARSs with other ECM
proteins, allowing us to analyze how different combinations of
ECM and compaction regulate behaviors of cancer cells. Future
studies also will need to systematically quantify effects of each
acoustic parameter on the induced compaction as well as map the
micromechanical properties of the ARS to identify the scope of
ADV-induced compaction. Additionally, elucidating relative con-
tributions of ADV-induced changes to matrix properties like stiff-
ness and ligand density, especially using synthetic hydrogels that
enable decoupling of these properties, on cell behavior warrants
further investigation.

4. Conclusion

In this study, we utilized ARSs to demonstrate that ADV-induced
local stiffening of the fibrin matrix enhances Akt and ERK signal-
ing in triple-negative breast cancer. Overall, we expect ARSs to
advance research into mechanosignaling and mechanobiology,
leading to novel approaches to improve cancer therapy by more
effectively targeting ECM properties in tumors.

5. Experimental Section
Cell Culture: We purchased MDA-MB-231 cells from the ATCC (Man-

assas, VA, USA) and cultured these cells in Dulbecco’s modified Ea-
gle medium (DMEM) supplemented with 10% fetal bovine serum (FBS,
Thermo Fisher Scientific, Waltham, MA, USA), 1% penicillin/streptomycin
(Pen/Strep, Thermo Fisher Scientific, 15140148), and 1% GlutaMAX
(Thermo Fisher Scientific, 35050061). We obtained SUM159 cells from
Dr. Stephen Ethier (now at the Medical University of South Carolina,
Charleston, SC, USA) and cultured these cells in F-12 media supplemented
with 10% FBS, 1% Pen/Strep, 1% glutamine, 5 μg mL−1 hydrocortisone,
and 1 μg mL−1 insulin. We authenticated all cells by analysis of short tan-
dem repeats and characterized cells as free of Mycoplasma at the initial
passage. We used all cells within 3 months after resuscitation and main-
tained all cells at 37 °C in a humidified incubator with 5% CO2.

Preparation and Characterization of Monodisperse Phase Shift Emulsions:
We prepared micrometer-sized emulsions with a double emulsion struc-
ture of water-in-PFC-in-water (W1/PFC/W2) using a microfluidic-based
technique as described previously.[12] We used perfluoroheptane (C7F16,
CAS# 335-57-9, bulk boiling point: 83 °C, Strem Chemicals, Newbury-
port, MA, USA) as the PFC phase. We combined the PFC solution at 2:1
(v/v) with a W1 phase containing phosphate buffered saline (PBS, Life
Technologies), and then sonicated (Q55 with CL-188 immersion probe,
QSonica, LLC, Newton, CT, USA) for 30 s while on ice. We pumped the
resulting primary emulsion and W2 phase, comprised of 50 mg mL−1

Pluronic F68 (CAS# 9003-11-6, Sigma-Aldrich, St. Louis, MO, USA) in PBS,
at 0.5 and 2.5 μL min−1, respectively, through a quartz microfluidic chip
(Cat# 3200146, junction: 14 μm × 17 μm, Dolomite, Royston, United King-
dom) to produce monodisperse phase-shift emulsion. We analyzed the
average diameter, coefficient of variation, and concentration of the pro-
duced phase-shift emulsion using a Coulter Counter (Multisizer 4, Beck-
man Coulter, Brea, CA, USA) with a 50 μm aperture tube as 12.98± 0.8 μm,
3.3 ± 0.9%, and (3.5 ± 0.3) × 108 particles mL−1, respectively.

Fabrication of Acoustically Responsive Scaffolds (ARSs): We prepared
ARSs by first dissolving bovine fibrinogen (Sigma-Aldrich) in FluoroBrite
Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies) at 20 mg
mL−1 clottable protein while under gentle vortex mixing for 30 s. We de-
gassed the fibrinogen solution in a vacuum chamber (Isotemp vacuum
oven, Model 282A, Fisher Scientific, Dubuque, IA, USA) to facilitate com-
plete dissolution of the fibrinogen and minimize the amount of dissolved
gas. For in vitro studies, ARSs (total volume: 0.3 mL; diameter: 15 mm;
height: ≈1.7 mm) containing 10 mg mL−1 fibrin, 0.05 U mL−1 aprotinin,
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0.01% (v/v) phase-shift emulsion, 106 MDA-MB-231 cells mL−1, and 2 U
mL−1 thrombin were cast in 24-well BioFlex plates followed by polymeriza-
tion for 15 min at room temperature. Acellular ARSs prepared for confocal
microscopy analysis also contained 39 μg mL−1 Alexa Fluor 647-labeled
fibrinogen (fibrinogen647, F35200, Molecular Probes, Eugene, OR, USA).
We coated each well in the BioFlex plate with 1% (w/v) solution of bovine
serum albumin (Sigma-Aldrich) in PBS (for ≈30 min) prior to polymeriza-
tion of the ARSs to facilitate removal of the scaffolds. Before ultrasound
exposure, ARSs with complete FluoroBrite media (ThermoFisher Scien-
tific, A1896701) containing 10% FBS, 1% Pen/Strep, 1% GlutaMAX, 1%
sodium pyruvate (Thermo Fisher Scientific, Waltham, MA), and aprotinin
(0.01 U mL−1) were covered as described previously.[59]

Ultrasound Exposure Setup and Parameters: We exposed ARSs to ul-
trasound in a water tank (30 cm × 60 cm × 30 cm) filled with de-
gassed (12–22% O2 saturation), deionized water at 37 °C. We drove a cal-
ibrated, focused transducer (H147, f-number = 0.83, radius of curvature
= 50 mm, Sonic Concepts Inc., Bothell, WA, USA) at its fundamental fre-
quency (2.5 MHz) to generate acoustic droplet vaporization (ADV) within
the ARSs. We generated pulsed waveforms (peak rarefactional pressure:
5 MPa, pulse duration: 5.4 μs; pulse repetition frequency: 100 Hz; duty cy-
cle: 0.05%) by a function generator (33500B, Agilent Technologies, Santa
Clara, CA, USA) and amplified by a gated radiofrequency amplifier (GA-
2500A Ritec Inc., Warwick, RI, USA). This peak rarefactional pressure was
previously shown to be suprathreshold for ADV within the ARSs contain-
ing C7F16– phase-shift emulsion.[60] We viewed and monitored the gener-
ated amplified signals in real time on an oscilloscope (HDO4034, Teledyne
LeCroy, Chestnut Ridge, NY, USA).

We connected the transducer to a three-axis positioning system con-
trolled by MATLAB (The MathWorks, Natick, MA, USA), localizing the
transducer axially with respect to the ARSs using a pulse echo technique
described previously.[13]

During ultrasound exposure, the transducer at a speed of 5 mm s−1

with a 0.5 mm lateral spacing between raster lines was rastered. Exposures
were performed at three axial planes located 1.5, 1, and 0.5 mm above the
well bottom with exposures completed from the top/distal (i.e., 1.5 mm)
to bottom/proximal (i.e., 0.5 mm) direction.

Optical and Micromechanical Characterization of Acellular ARSs: To
study the ADV-induced microstructural changes in the matrix, acellular
ARSs were imaged over different time points with a laser scanning confo-
cal microscope (LSM800, Zeiss, Pleasanton, CA, USA) using a 40× objec-
tive. The laser power was set to the lowest nonzero setting (0.2%) to min-
imize saturation. Intensity and full width half-maximum (FWHM) thick-
ness measurements were performed on selected confocal images using
ZEN lite software (Zeiss).

Atomic force microscopy was performed on ARSs using the TT-AFM
(AFM Workshop, CA, USA). ARSs were mechanically interrogated using a
precalibrated probe (nominal spring constant: 0.064 N m−1, Novascan,
IA, USA) with a spherical glass bead (radius: 1 μm). The compressive
Young’s modulus was approximated from the force–indentation curves
using AtomicJ software (http://sourceforge.net/projects/jrobust) as de-
scribed previously.[8]

Kinase Translocation Reporter (KTR) Signaling in Fibrin Gels and ARSs:
To quantify activation of both ERK and Akt kinases in single cells, we used
previously validated KTRs.[25] KTRs measure activities of ERK and Akt by
utilizing a known downstream substrate specific for each kinase fused to
a fluorescent protein.[61,62] This KTR construct contains histone 2B (H2B)
fused to mCherry (H2B-mCherry), the Akt-KTR reporter (Aquamarine), the
ERK-KTR reporter (mCitrine), and a puromycin selection marker all sepa-
rated by P2A linker sequences cloned into the Piggybac transposon vec-
tor as described previously (pHAEP).[25,59,63] We cotransfected the pHAEP
vector and the Piggybac transposase into breast cancer cells and selected
for stable integrants with puromycin.[25] We verified expression of the full
pHAEP reporter construct by fluorescence microscopy.

To determine effects of enhanced mechanical compaction near the
ADV-induced bubble on Akt and ERK signaling, we formed ARSs contain-
ing MDA-MB-231- or SUM159-pHAEP cells containing click beetle green
(CBG) luciferase initially cultured on 2D plastic at a final concentration
of 1 × 106 cells mL−1. We covered ARSs with complete FluoroBrite me-

dia containing the additives mentioned above. Two days after fabrication
of the ARSs, we treated them with focused ultrasound and imaged im-
mediately after (Day 0) and each subsequent day for 3 days (Days 1–3)
using an Olympus FVMPE-RS upright two-photon microscope with set-
tings as described previously.[25] We changed media daily. We determined
activation of Akt and ERK in the ARSs by quantifying the cytoplasmic-to-
nuclear ratio (CNR) of fluorescence intensities in individual cells as de-
scribed previously.[25] We measured the distance of individual cells from
the surface of the ADV-induced bubble.

To further investigate effects of hydrogel mechanics on Akt and ERK
signaling in the absence of ultrasound, we embedded single cells (1 × 106

mL−1) in gels with increasing densities of fibrin (i.e., 2.5, 10, or 20 mg
mL−1 fibrin) to increase stiffness. Gels also contained 2 U mL−1 throm-
bin, 0.05 U mL−1 aprotinin, and no phase-shift emulsion as described
previously.[64]

To determine effects of the ADV-driven increase in mechanical com-
paction on signaling response to ligand, we formed ARSs containing MDA-
MB-231-CBG-pHAEP and cultured them for three days after focused ultra-
sound as described above. We then treated cells with 50 ng mL−1 epi-
dermal growth factor (EGF, R&D Systems, Minneapolis, MN, USA) and
acquired images at the times listed in the figure. At the end of the time
course, we incubated ARSs with a LIVE/DEAD stain (ThermoFisher Scien-
tific, L34966) and imaged to determine viability of cells.

Mouse Studies: The University of Michigan Institutional Animal Care
and Use Committee approved all animal procedures (protocol 00008822).
The animals used in this study received humane care in compliance with
the principles of laboratory animal care formulated by the National Society
for Medical Research and Guide for the Care and Use of Laboratory Ani-
mals prepared by the National Academy of Sciences and published by the
National Institute of Health (Publication no NIH 85-23, revised 1996).

We implanted ARSs (final concentrations: fibrinogen (10 mg mL−1),
aprotinin (0.05 U mL−1), thrombin (2 U mL−1), emulsion (0.01% v/v), and
1 × 106 MDA-MB-231-CBG-pHAEP cells mL−1) in vivo by orthotopic injec-
tion into the lower dorsal region parallel to and on either side of the spine
of 6-7-week-old male Foxn1nu mice (Charles River, Wilmington, MA, USA,
n = 5) as described previously.[65] Two days after injection, we treated one
dorsal side of each mouse with focused ultrasound and imaged both dor-
sal injections immediately (Day 0, n = 2 mice) or three days later (Day 3, n
= 3 mice). We quantified the KTRs of cells in ARSs in vivo by two-photon
microscopy using the excitation and emission filters described above.

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 compar-
isons test. For Akt and ERK signaling relative to the distance from the
ADV-induced bubble, we used linear regression analysis. We considered
a significance level of p < 0.05 statistically significant. We prepared col-
umn graphs (mean values + SD as denoted in figure legend), X–Y plots
(mean values + SEM as denoted in figure legends), and box plots and
whiskers using GraphPad Prism 8. For box plots and whiskers, the bottom
and top of a box define the first and third quartiles, and the band inside
the box marks the second quartile (the median). The ends of the whiskers
represent the 10th and 90th percentiles, respectively. For all box plots and
whiskers, the “+” within the box refers to the mean.
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