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Abstract

Introduction—In response to external stress, cells alter their
morphology, metabolic activity, and functions to mechani-
cally adapt to the dynamic, local environment through cell
allostasis. To explore mechanotransduction in cellular
allostasis, we applied an integrated micromechanical system
that combines an ‘ultrasound tweezers’-based mechanical
stressor and a Förster resonance energy transfer (FRET)-
based molecular force biosensor, termed ‘‘actinin-sstFRET,’’
to monitor in situ single-cell allostasis in response to transient
stimulation in real time.
Methods—The ultrasound tweezers utilize 1 Hz, 10-s tran-
sient ultrasound pulses to acoustically excite a lipid-encap-
sulated microbubble, which is bound to the cell membrane,
and apply a pico- to nano-Newton range of forces to cells
through an RGD-integrin linkage. The actinin-sstFRET
molecular sensor, which engages the actin stress fibers in
live cells, is used to map real-time actomyosin force dynamics
over time. Then, the mechanosensitive behaviors were
examined by profiling the dynamics in Ca2+ influx, acto-
myosin cytoskeleton (CSK) activity, and GTPase RhoA
signaling to define a single-cell mechanical allostasis.
Results—By subjecting a 1 Hz, 10-s physical stress, single
vascular smooth muscle cells (VSMCs) were observed to
remodeled themselves in a biphasic mechanical allostatic
manner within 30 min that caused them to adjust their

contractility and actomyosin activities. The cellular machin-
ery that underscores the vital role of CSK equilibrium in
cellular mechanical allostasis, includes Ca2+ influx, remod-
eling of actomyosin CSK and contraction, and GTPase
RhoA signaling. Mechanical allostasis was observed to be
compromised in VSMCs from patients with type II diabetes
mellitus (T2DM), which could potentiate an allostatic
maladaptation.
Conclusions—By integrating tools that simultaneously permit
localized mechanical perturbation and map actomyosin
forces, we revealed distinct cellular mechanical allostasis
profiles in our micromechanical system. Our findings of cell
mechanical allostasis and maladaptation provide the poten-
tial for mechanophenotyping cells to reveal their pathogenic
contexts and their biophysical mediators that underlie multi-
etiological diseases such as diabetes, hypertension, or aging.

Keywords—Cellular allostasis, Acoustic tweezers, FRET,

Mechanotransduction, Diabetes.

INTRODUCTION

Cells, independently and cooperatively, adapt to
changing conditions and stressors through a mecha-
nism, termed ‘allostasis’ that contributes to tissue-level
homeostasis.55,56 Human system persists physiological
regulatory systems such as the nervous, cardiovascular,
metabolic or immune systems to protect against
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internal and external adverse stimuli, and ultimately
better adapt cells to its local environment. Through
these critical biological adaptive processes human
system can stabilize internal and external subcritical
physiological variables to a new steady state to ensure
biological functionality. Although allostasis has been
widely studied in biology at the organismal level, it has
been rarely explored at the single-cell level in the
context of mechanical responses.25,41,42 At present, it
remains unclear how a single cell allostatically adapts
to external physical stress in the absence of advanced
regulatory systems found at the organismal level. The
biophysical responses of cells to dynamic mechanical
forces underlies the progression of many diseases and
aging. For example, under diseased conditions, vas-
cular cells are unable to adapt to external mechanical
stress and, thus, fail to maintain their quiescent phe-
notype which contributes to the etiology of cardio-
vascular diseases.47 It is widely believed that the effects
of mechanical stress on vascular smooth muscle cells
(VSMCs) may influence the maintenance of normal
vascular contraction and dilation functions and
underlie cardiovascular disease progression.49,58 How-
ever, the cellular contribution to abnormal vascular
biomechanics associated with these diseases is not fully
understood, and we expect that a disruption in cell
allostasis may play a key role in elucidating the
biomechanics of vascular disease progression. There-
fore, a better understanding of such biomechanical
adaptive/maladaptive behaviors, coined cellular ‘me-
chanical allostasis,’ and its regulatory factors is central
to distinguishing the role of allostasis in healthy and
disease physiology.

Until now, defining a cell’s ‘‘mechanophenotype’’
has been focusing on measuring mechanical properties
of cells, such as stiffness, deformability, and vis-
coelasticity to distinguish cells in different states.10

However, even at a steady state, the CSK is highly
dynamic, with complex and diverse molecular activities
and structural dynamics that results in fluctuations of
cell-level properties. In contrast to the extensive study
of a cell’s ‘‘static’’ biophysical properties and their
relation to cell status, research on how a cell’s dynamic
mechanical allostasis in response to mechanical stimuli
in diseases are rarely done. Perturbations in a cell’s
microenvironment are transient, and CSK structures
are highly dynamic. However, determining the vari-
ance in time (seconds or minutes) of molecular activi-
ties and CSK dynamics under dynamic, transient
stresses remains largely unexplored. Dynamic
responses to mechanical perturbations predominantly
rely on a cell’s CSK integrity and structure. Subtle
changes to CSK architecture are associated with
pathophysiological conditions that are challenging to
distinguish and central to allostatic responses to

mechanical stimuli. We hypothesize that a cell’s
mechanical allostasis in response to dynamic mechan-
ical perturbations are ‘‘integrators’’ of a cell’s bio-
physical properties that can be used to profile a cell’s
mechanophenotype in health and disease. Simultane-
ously, it is paramount to scrutinize the regulatory
factors and molecular mechanisms that are responsible
for single cell’s mechanical allostasis in responses to
transient mechanical perturbation at subcellular and
molecular scales.

In response to mechanical forces, a series of
mechanosensitive elements must be activated.29

Mechanical forces can activate mechanosensitive ion
channels that permit intracellular Ca2+ influx, trigger-
ing a subsequent activation of regulatory pro-
teins.16,27,28,59 For example, Liu et al. demonstrated that
localized mechanical stress applied by acoustic tweezing
cytometry canmediate the opening of mechanosensitive
channel of large conductance (MscL) that requires force
transduction through the actin CSK.28 The molecular
machinery upon Ca2+ signaling for controlling cellular
contractility relies on intact interactions among actin
CSK,6 myosin motor activities,45 and regulatory pro-
teins, such as GTPase RhoA.14,34,51 In response to
mechanical perturbations, cells show a dynamic display
of contractile forces, yet such observations in mechan-
ical forces and their relays in mechanotransduction vary
in the nature of mechanical perturbations and force
measurement tools.3,9,19,40,66,67 By subjecting cells to
mechanical perturbations, single cell contractility has
been reported to increase and achieve a higher and
more stable contractile state,9,12,19,20,61,66,68 while oth-
ers have reported that cell contractility goes through a
rapid excitation and returns to ground states.38,40,67 For
example, by applying fluid shear stress on human
umbilical vein endothelial cells (HUVECs) seeded on a
micropillar array, Fu et al. reported an instantaneous
increase and a gradual decrease to baseline in CSK
contractility.38 However, when subjected to mechanical
displacements, Fletcher et al. demonstrated that single
fibroblasts can reach a steady-state contraction force.66

Currently, probing cell responses with monophasic
adaptation to global,66 constant,15 or frequency-de-
pendent21,30,39 mechanical loading on microtissues with
a timescale spanning hours are methods commonly
reported. In contrast to large-scale organisms, cells
function in smaller dimensions and timescales, and
cellular allostatic adaptation may occur in seconds or
minutes—a much shorter timescale compared to those
of the organismal level.32Moreover, actionable changes
in a cell’s microenvironment are transient and
dynamic.5,17,23,31 Therefore, it is essential to scrutinize
the allostatic adaptation of cells in response to localized
and transient inputs at the subcellular and molecular
scale.
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Localized mechanical perturbations to cells using
acoustic,12,19,20,28,61,68 optical,35,63 and magnetic,7,13

tweezers systems have been reported to stimulate cells
to adjust their CSK and contractility. These methods
of applying localized mechanical stress have been
shown to modulate multiple cell functions, such as
stem cell differentiation13,61,68 and survival.11 Among
them, acoustic tweezers have emerged as innovative
tools for probing cell mechanotransduction due to
their ability of applying controllable and localized
mechanical forces in high throughput and potential for
translational applications, making them ideal tools for
studying single cell allostatic behavior. From the per-
spective of measuring single-cell forces, it is apparent
that the events leading to mechanosensitive signaling
are mediated by a set of dynamic molecular pro-
cesses.29 A variety of tools have been developed to
probe the mechanical and molecular dynamics in cell
mechanotransduction. Among which, Förster reso-
nance energy transfer (FRET)-based biosensors have
been highlighted for their capacity of probing subcel-
lular and molecular activities in real time and the
compatibility of applications in three dimensional set-
tings. These advantages justify FRET as a great tool
for studying the spontaneous and dynamic allostatic
behaviors of single cells.65 Different types of FRET-
based biosensors have been utilized in live cells for
reporting biochemical or biophysical dynamics of
mechanosensitive proteins in mechanotransduction by
mapping the donor-to-acceptor intensity ratio of target
molecules to elucidate the subcellular responses to
mechanical forces.64,65 By integrating the acoustic/ul-
trasound tweezers with FRET biosensors, we expect
that single cell allostasis can be readily investigated.

In this study, we applied an integrated in vitro
micromechanical system that combines an ultrasound
‘tweezers’ stimulator to apply and modulate transient
and localized mechanical forces to single cells and a
FRET-based molecular force biosensor to accurately
profile in situ cell mechanical force dynamics. We
observed allostasis in VSMC mechanics when exposed
to transient mechanical stress. This mechanical
allostasis occurs through a biphasic process: when
subjected to a 10-s, transient, local physical stress,
cellular mechanics tended to restore to a stable state
through a mechanoadaptive process with excited bio-
physical activity, followed by a decaying adaptive
phase. We further found that cellular mechanical
allostasis is dependent on the integrity of a
mechanosensitive bio-chemo-mechanical feedback,
including Ca2+ influx, CSK and contraction dynamics,
and GTPase RhoA signaling. Disruption of any com-
ponent in this complex feedback abolished single-cell
allostatic behaviors. Compromised mechanical allo-
static behaviors were observed from VSMCs from

patients with type II diabetes mellitus (T2DM), which
could potentiate an allostatic maladaptation. Our re-
sults indicate that dysregulations of mechanical
allostasis in cells may be featured in pathological dis-
eases, such as diabetes, hypertension, atherosclerosis,
and aging.

MATERIALS AND METHODS

Cell Culture and Reagent

VSMCs were purchased from Lonza and main-
tained with SmGM-2 Smooth Muscle Growth Med-
ium BulletKit (Lonza). Cells were cultured in the
culture medium and maintained at 37 �C with 5%
CO2. The medium was replaced every 3 days. Passages
3–6 were used in our experiments. Cells were seeded to
a glass surface coated with 50 lg/mL fibronectin
(Sigma-Aldrich) at a density of 6000 cells/cm2 and
incubated overnight before experiments. DNA plas-
mids PEG-Actinin-M-sstFRET was a gift from Fred
Sachs (Addgene plasmid # 61100). Before transfection,
VSMCs were seeded onto glass substrates overnight.
Cells typically reached 40–60% confluency within 12 h.
DNA plasmids were transfected into VSMC using
Lipofectamine 2000 (Thermo Fisher Scientific) fol-
lowing protocol previously described.8 After being
transfected for 24 h, VSMCs were subjected to ultra-
sound tweezers stimulation. For drug treatment
experiments, VSMCs seeded on the glass surface were
pretreated with 5 lM Y-27632 (Sigma-Aldrich) or
10 lM blebbistatin (Cayman Chemical) for 1 h before
ultrasound tweezers stimulation. Calcium-free experi-
ments were done in Calcium-free medium (Thermo
Fisher Scientific).

Single Cell Microbubble Attachment

Before ultrasound tweezers stimulation, VSMCs
transfected with Actinin-sstFRET were coated with
Targeson microbubbles at a density of 1–2 microbub-
bles/cell. Essentially, 1 lL of Targesphere� lipid
microbubble solution (3 9 109 mL�1) was mixed with
4 lL of biotinylated Arg-Gly-Asp (RGD) peptide
(2 mg/mL, Peptides International) for 20 min at room
temperature to prepare the RGD-microbubbles mix-
ture. The RGD-microbubbles mixture was diluted with
100 lL VSMC culture medium. To attach RGD-mi-
crobubbles to the cell membrane, cell culture medium
was removed from the cell seeded dish, and 30 lL of
the diluted RGD-microbubble mixed solution was
added to the dish. The dish was flipped over and kept
in an incubator for 10 min to allow microbubbles to
float and attach to cell membrane. The dish was then
washed 3 times with cell culture medium to remove
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unbound microbubbles. In our experiments, single cells
with only one or two microbubbles attached were se-
lected for ultrasound tweezers stimulation.

Ultrasound Tweezers Stimulation

A 10-MHz ultrasound transducer (V312-SM,
Olympus) was used to generate ultrasound pulses to
excite microbubbles to apply a transient local force to
VSMCs with microbubbles attached. The ultrasound
transducer was driven by a function generator (Agilent
Technologies 33250A) and a 75 W power amplifier
(Amplifier Research 75A250). A pulser/receiver
(5072PR, Olympus) and a digital oscilloscope (GW
Instek) were used to place the natural focus of the
ultrasound transducer at the target surface. The
ultrasound transducer was fixed at a 45� angle to
horizontal plane, and its working top was submerged
in the cell medium 11.25 mm (Rayleigh distance) away
from the target cell. Ultrasound pulse was applied at a
frequency of 1 Hz.

FRET Measurement

For FRET-based actinin stress sensing, real-time
and in-situ images of CFP and FRET channels were
collected by a microscope (Zeiss observer Z1) and a
cooled charge-coupled device (CCD) camera (Ham-
matusu Flash 4.0) with two emission filters controlled
by a filter changer (480DF40 for CFP and 535DF25
for FRET) using MetaFluor 6.2 software every 30 s for
30 min. The excitation filter set for FRET measure-
ment is ET420/40. The excitation filter set for direct
YFP measurement is ET497/16. All filer sets were from
Chroma. To obtain satisfactory signal to noise and
avoid inducing unnecessary photobleaching, the
intensity of the excitation light was controlled by
applying 20% transmitted light. To further correct
photobleaching that leads to a steady decrease in the
FRET ratio over time, the intensity of the FRET
channel was multiplied by a correction factor. This
correction factor is calculated by dividing the intensity
of direct YFP at t = 0 by the YFP intensity at a given
time point. After the image capture, FRET/CFP ratio
was calculated, and the image was processed using a
custom-developed MATLAB program (Mathworks)
according to the established methods.8,46 Basically, the
fluorescence intensity of CFP, FRET, and the direct
YFP signals on transfected cells were corrected by
subtracting the background signals from non-trans-
fected cells. The FRET signals were further corrected
by multiplying the correction factor mentioned above.
The pixel-by-pixel ratio images of FRET/CFP were
calculated based on the corrected fluorescence intensity

images of CFP and FRET to allow quantification and
statistical analysis of FRET ratio responses.

Traction Force Measurement Using Micropillar Array

VSMCs were seeded onto micropillar arrays
functionalized with fibronectin (50 lg/mL; Sigma-
Aldrich) and Alexa-Fluor 647-conjugated fibrinogen
(25 lg/mL; Life Technologies) overnight before
being subjected to transfection with plasmids PEG-
Actinin-M-sstFRET. The processes for the fabrica-
tion and functionalization of micropillar have been
previously described.22,70 Briefly, a silicon master
mold with micropost array was fabricated by stan-
dard photolithography and deep reactive ion etching
(DRIE). A negative PDMS mold with array of holes
was then generated through a ‘‘casting’’ process. To
generate the PDMS micropillar array, a 1:10 ratio
PDMS prepolymer was poured over the negative
PDMS mold that was silanized with tridecafluoro-
1,1,2,2,-tetrahydrooctyl)-1-trichlorosilane (Sigma-Al-
drich) for 4 h under vacuum. Activated cover glass
treated with oxygen plasma was then placed on the
top of the negative PDMS mold and cured for 40 h
in a 110 �C oven. Cover glass with PDMS
micropillar was then peeled off from the PDMS
negative mold. The collapsed micropillar array was
sonicated in 100% ethanol and dried using a critical
point dryer (Samdri-PVT-3D, Tousimis). Microcon-
tact printing was used to modify the PDMS
micropillar top with fibronectin for cell attachment
and Alexa-Fluor 647-conjugated fibrinogen for pillar
visualization. After 24 h of transfection, VSMCs
were starved for 3 h and then treated with either
20 lM LPA or 10 lM Y-27632 in cell culture med-
ium without serum. Deflection of the micropillar was
monitored for 30 min at an interval of 30 s by taking
the fluorescent Alexa-Fluor 647 images of the
micropillar tip. Quantitative analysis of cellular CSK
tension was performed by quantifying the deflection
of micropillar using a custom-developed MATLAB
program (Mathworks).67 For actinin stress sensing,
real-time and in-situ images of CFP and FRET
channels with two emission filters controlled by a
filter changer (480DF40 for CFP and 535DF25 for
FRET) were collected together with the deflections
of micropillars.

Statistical Analysis

Quantitative results in this study were reported as
mean ± SE. Statistical significance was tested by using
Student’s t test, where null hypothesis was rejected at
p < 0.05.
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RESULTS

Integrated Ultrasound Tweezers and FRET Sensor
System for Probing Cellular Mechanical Responses

We applied an integrated micromechanical system
composed of an ultrasound ‘tweezers’ mechanical
stress stimulator and a FRET-based molecular force
biosensor to monitor in situ cell dynamic response in
real time to a transient mechanical stimulation (Fig. 1).
Specifically, the ultrasound tweezers utilized an ultra-
sound transducer to apply a 10 s, 1 Hz, ~ 100 pN of
transient and local mechanical force to cells via RGD-
integrin binding of a microbubble bound to the cell
membrane (Fig. 1a); The actinin-sstFRET biosen-
sor43,52 was applied to track the molecular tension
across the actin filament during allostatic remodeling
(Fig. 1b). As shown in Fig. 1c and Supplementary
Video 1, during ultrasound stimulation, microbubbles
attached to the cell membrane exhibited periodically
translational displacements relative to their original
location. This microbubble displacement-induced
mechanical stress to cells could activate ion channels
on the cell membrane and trigger mechanotransduc-
tion in the cell cytoskeleton. To verify that the actinin-

sstFRET biosensor can report intracellular tension
dynamics, we applied biochemical perturbations and
used the micropillar array cellular force sensor to
measure cell traction force together with the actinin-
sstFRET biosensor. The micropillar array has been
broadly applied in measuring cell traction force
dynamics in cell migration,18 differentiation,22 and
development69 with spatial and temporal accuracy.
VSMCs seeded on micropillar array and transfected
with actinin-sstFRET biosensor were either treated
with 20 lM lysophosphatidic acid (LPA), which acti-
vates RhoA and increases cell contractility,36,71 or
treated with 10 lM Y-27632, a ROCK inhibitor that
decreases cell contractility.4 As shown in Fig. 2,
VSMCs treated with LPA showed a continuous in-
crease in traction force within 30 min as measured by
micropillar array (Figs. 2a and 2b). At the same time,
the FRET ratio of the actinin-sstFRET biosensor
continuously decreased as expected. When treated with
Y-27632, cell contractility decreased, and the FRET
ratio increased within the 30 min during the measure-
ment period (Figs. 2c and 2d). These experiments
confirmed that the distance-based actinin-sstFRET
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FIGURE 1. Integrated ultrasound tweezers and FRET sensing system. (a) A schematic showing ultrasound excitation of
microbubbles attached via RGD-integrin binding to the membrane of a cell. Ultrasound was applied 45� with respect to the vertical
direction in plane. Inseted figure shows microbubble functionalized with RGD binding to cell integrin and is connected to F-actin
of CSK; inseted figure shows the principle of the distance-based actin-sstFRET intracellular force sensor. Intracellular force
dynamics will lead to the change of the donor–acceptor distance, and thus the FRET ratio. A lower FRET ratio indicates larger
force, and a higher FRET ratio indicates lower force. (b) Representative images showing a VSMC transfected with actin-sstFRET
sensor and imaged in CFP and FRET channels. Bright field image shows microbubble attached to this VSMC. (c) Line plot and
brightfield images showing the temporal evolution of the lateral displacement of the single bubble attached to the VSMC in (b)
within 10 s.
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biosensor can accurately report intercellular tension
dynamics.

Allostatic Response of Cells to Ultrasound Tweezers
Stimulation

Using our integrated micromechanical system, we
then investigated how cells would mechanically re-
spond to the transient mechanical stress. We locally
applied a 10 s, 1 Hz, ~ 100 pN mechanical force to
cells via RGD-integrin binding of a microbubble
bound to the cell membrane and, initially, examined
Ca2+ influx upon ultrasound tweezers stimulation. We
observed that Fluo-4 calcium sensor intensity pre-
sented a rapid rise of cytosolic Ca2+ during adaptation
(Fig. 3a and Supplementary Video 2), suggesting that a
transient Ca2+ influx happens simultaneously with the
transient mechanical stress. We expected that acto-
myosin CSK tension would be activated by the tran-
sient mechanical stress-induced transient Ca2+ influx.
Indeed, we observed that cells actively modulated
intracellular tension (Figs. 3b and 3c) in response to a
transient 10 s mechanical stress. Generally, the
appearance of mechanical allostasis is identified by an
increase in intracellular tension (decrease in FRET
ratio) in the first 5 min after stimulation followed by a

monotonical decrease to the initial ground-state value
(Figs. 3b and 3c). However, for cells without bubble
attachment, we observed no significant change in CSK
force (Figs. 3b and 3c). In conclusion, this mechanical
analysis demonstrated that cells followed a biphasic
allostatic adaptation process when acted upon by a
transient and local stimulation. Cell mechanics (CSK
tension) were first elevated in an acute excited phase
(t = 0–5 min) and then decayed to the initial
mechanobiological ground state in an adaptation
phase (t = 5–30 min).

Cellular Mechanical Allostasis is Dependent
on the Integrity of a Bio-chemo-mechanical Contraction

Model

In response to the Ca2+ influx through ion channels
activated by the transient and localized mechanical
stimulation, VSMCs demonstrated cell allostatic
behavior by modulating CSK contraction. A bio-che-
mo-mechanical model combined with Rho/ROCK
regulation can be coined to explain this contraction
dynamics33 (Fig. 4a). Upon Ca2+ influx, myosin light-
chain kinase (MLCK) is activated by a calmodulin-
mediated mechanism. Activated MLCK further pro-
motes the phosphorylation of myosin light chains and
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FIGURE 2. Validation of the actinin-sstFRET sensor in measuring cell intracellular force with micropillar array. (a) Images show
the temporal evolution of forces of a representative VSMC upon treated with 20 lM LPA measured by actinin-sstFRET sensor and
micropillar array. (b) Quantified evolution of the FRET ratio and traction force measured by micropillar array. Upon treated with
20 lM LPA, cell contractility continuously increased while the FRET ratio continuously decreased. (c) Images show the temporal
evolution of forces of a representative VSMC upon treated with 10 lM Y-27632 measured by actinin-sstFRET sensor and micropillar
array. (d) Quantified evolution of the FRET ratio and traction force measured by micropillar array. Upon treated with 10 lM Y-27632,
cell contractility continuously decreased while the FRET ratio continuously increased. Scale bar: 20 lm.
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contributes to the binding of myosin to F-actin bun-
dles following CSK tension dynamics. Meanwhile,
inhibiting the dephosphorylation of myosin light
chains by GTPase Rho/ROCK is equally important to
modulating CSK tension dynamics. Thus, we hypoth-
esize that the integrity of this bio-chemo-mechanical
feedback system, including Ca2+ influx, Rho/ROCK
signaling, and myosin contraction, plays a vital role in
regulating cell allostasis, and a disruption of any
component in this cycle may be demonstrated by im-
paired cell allostatic behavior and implicated in
pathological conditions such as diabetes.

We therefore used our micromechanical system to
study the effect of the proposed bio-chemo-mechanical
feedback on regulating cell allostatic behaviors. We
used three conditions to individually study the effect of
each component in the bio-chemo-mechanical feed-
back system: Ca2+-free medium, which excludes the
influx of Ca2+ into cells upon ultrasound tweezers
stimulation; Y-27632, which inhibits the activity of
Rho/ROCK;4 and blebbistatin, which inhibits myosin
motor activity and, thus, affects the CSK tension

dynamics.2 As shown in Figs. 4b and 4c, inhibiting
activities of Rho/ROCK and myosin did not alter the
influx of Ca2+ into VSMCs pretreated with Y-27632
and blebbistatin upon ultrasound tweezers stimulation.
However, in Ca2+-free medium, an influx of Ca2+ was
not observed. Correspondingly, allostatic behavior was
not observed for VSMCs in Ca2+-free medium
(Fig. 4d), confirming that the mechanosensitive Ca2+

signaling triggers cell allostasis. For normal VSMCs
pretreated with Y-27632, they demonstrated compro-
mised allostatic behavior (Fig. 4e). The maximum
change of actinin-sstFRET ratio of VSMCs treated
with Y-27632 is about one third of that in normal
VSMCs at the peak time in cell allostasis dynamics.
These results confirmed that the Rho/ROCK activity is
critical to cell allostasis dynamics. Similarly, directly
inhibiting myosin motor activity largely abolished cell
allostasis (Fig. 4f). Overall, in response to inhibitor
perturbations, cell allostatic behaviors were observed
to be compromised, confirming the importance of the
integrity of the proposed bio-chemo-mechanical feed-
back system in regulating cell allostasis.
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FIGURE 3. Single cell mechanical allostasis. (a) The time course of the normalized Fluo-4 calcium sensor intensity change in
VSMCs before and after 10 s of ultrasound tweezers stimulation (n = 10). (b) Representative temporal evolution of FRET/CFP ratio
images of the actinin-sstFRET sensor in VSMCs functionalized with microbubble (top panel) and VSMCs without functionalization
of microbubble (bottom panel) before (t = 0 min) and after subjected to 10-s US stimulation at 5, 10, 20, and 30 min respectively. (c)
and (d) Quantified temporal evolutions of the FRET/CFP ratio during single VSMCs mechanical response to a 10-s mechanical
stress for VSMCs functionalized with microbubble (c) and VSMCs without functionalization of microbubble (d). In (a), (c) and (d),
traces of different color refer to individual cells and solid black dots represents the mean 6 error with n = 10. Scale bar in (a) and
(b): 20 lm.
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Cellular Mechanical Allostasis is Featured
in Pathological Conditions

Cellular mechanical allostasis, which relies on the
interplay of the Ca2+ signaling, Rho/ROCK activity,
and myosin motor contraction in this bio-chemo-me-
chanical feedback, represents the response of cells to
mechanical cues. Dysregulation of such responses,
which may come from the dysregulation of any com-
ponent in the bio-chemo-mechanical feedback system,
may be featured in pathophysiological conditions such
as cardiovascular diseases.24,44,53,62 For instance, one
study found that depletion of ion channels on VSMCs,
which inhibit stretch-induced Ca2+ signaling in cells’
cytoplasm, impairs arterial remodeling in response to
hypertension.53 Recent studies revealed that the
expression and activity of GTPase RhoA was lower in
SMCs isolated from patients with T2DM than those
from age-matched control groups,54 and patients with
T2DM are usually prone to additional cardiovascular
diseases.48 In light of these findings, we hypothesize
that cell allostatic behaviors, which highly rely on the

integrity of the aforementioned cell contraction model,
can reflect cell biophysical phenotypes that bear
pathological tendencies in diseases. As an example, we
used VSMCs isolated from patients with T2DM for
cell allostatic analysis. We firstly examined the Ca2+

signaling triggered by the ultrasound tweezers. T2DM-
VSMCs demonstrated indistinguishable Ca2+ influx
behavior compared to normal VSMCs (Fig. 5a).
However, the allostatic behaviors of VSMCs from
patients with T2DM demonstrated a time delay in
achieving the maximum CSK tension, from ~ 5 min in
normal VSMCs to ~ 10 min in T2DM-VSMCs
(Figs. 5b and 5c). In addition, there was a significant
difference in the magnitude of the maximum CSK
tension achieved between normal VSMCs and T2DM-
VSMCs, with 3.14% ± 0.26% for normal VSMCs and
2.15% ± 0.15% for T2DM-VSMCs. These altered
characteristics of allostatic behaviors between normal
and T2DM-VSMCs imply differences in their bio-
chemo-mechanical force generation processes,44 and
the altered expression and activity of GTPase RhoA as

BIOMEDICAL
ENGINEERING 
SOCIETY

FIGURE 4. Single cell allostasis relies on the integrity of a bio-chemo-mechanical feedback. (a) Schematic showing a proposed
bio-chemo-mechanical model describing the signaling network in cell allostasis. (b) The time course of the normalized Fluo-4
calcium sensor intensity change in VSMCs upon ultrasound tweezers stimulation under different conditions as indicated (n = 10).
(c) Representative heatmap images of VSMCs pretreated with Y-27632 or blebbistatin, and in Ca21-free medium with Fluo-4 calcium
sensor before and after 10 s of ultrasound tweezers stimulation. (d)–(f) Quantified temporal evolutions of the FRET/CFP ratio
during single VSMCs mechanical response to a 10-s mechanical stress for VSMCs in Ca21-free medium (d) or pretreated with Y-
27632 (e) or blebbistatin (f). In (b), data represents the mean 6 error with n = 10; In (d)–(f), traces of different color refer to
individual cells and solid black dots represents the mean 6 error with n = 10. Scale bar in (c): 20 lm.
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suggested by the previous study54 may be responsible
for these changes.

While we demonstrated that MLC phosphorylation,
which is initiated by Ca2+ signaling and mediated by
Rho/ROCK, is critical for our observed VSMC
allostasis, we did not consider the effect of actin
polymerization and crosslinking dynamics in generat-
ing tension in the discussed bio-chemo-mechanical
model. In fact, when cells adapt to mechanical forces,
the dynamic polymerization of G-actin to F-actin, F-
actin crosslinking, and adhesion assembly play
important roles when engaging with contractile myosin
for generating force26 (Fig. 5d). Therefore, it is possi-
ble that the different allostatic behaviors between
normal and T2DM-VSMCs may be also caused by
these CSK events. When analyzing CSK structures by

immunostaining F-actin in normal and T2DM-
VSMCs, we found that T2DM-VSMCs showed low-
density and branched F-actin characteristics, com-
pared to the high-density and aligned F-actin struc-
tures in normal VSMCs (Figs. 5e and 5f). Moreover,
we quantified the actin structures in both cell types
using actin fractal dimensions (Df), which describes
complex patterns of F-actin filaments in cells.1 As
shown in Figs. 5e and 5f, there is a distinct difference
in distribution (Df) of F-actin filaments in VSMCs and
T2DM-VSMCs with a significantly larger Df value in
T2DM-VSMCs, indicating a more chaotic F-actin
structure and a distinct mechanophenotype in T2DM-
VSMCs. When considering cell force generation
models that include these CSK events, it may still be
true that cell allostatic behaviors would be different in
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FIGURE 5. Single cell mechanical allostasis in T2DM-VSMCs. (a) The time course of the normalized Fluo-4 calcium sensor
intensity change in VSMCs from patients with T2DM upon ultrasound tweezers stimulation. Control data is plotted in hollow dot for
comparison. (n = 10). (b) Quantified temporal evolutions of the FRET/CFP ratio during single T2DM-VSMCs mechanical response
to a 10-s mechanical stress. Control data is plotted in hollow dot for comparison. (c) Bar plot shows the quantified maximum
change of FRET/CFP ratio in the allostatic dynamics for normal VSMCs, T2DM-VSMCs, and VSMCs pretreated with Y-27632,
blebbistatin or in Ca21-free medium. (d) A schematic illustrating that Ca21-triggered and Rho/ROCK-mediated myosin motor
contraction, as well as CSK events like actin polymerization and crosslinking, contribute to VSMC allostasis and may be altered in
diseases like diabetes. (e) Representative fluorescent images and corresponding fractal dimensions (Df) of F-actin filaments in
normal VSMC and T2DM-VSMC. (f) Quantified intensity and Df of F-actin in normal VSMCs and T2DM-VSMCs. The quantitative
analysis of F-actin filaments indicates that T2DM-VSMC has a lower level of actin and higher Df of actin, suggesting a more diffused
pattern of F-actin filaments in cells. In a, data represents the mean 6 error with n = 10; In (b), traces of different color refer to
individual T2DM VSMCs and solid black dots with error bar represents the mean 6 error with n = 10. In (c) and (f), p values were
calculated using the Student’s unpaired sample t test. *p < 0.05. Scale bar in (e): 20 lm.
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pathological conditions. Therefore, our findings pro-
vide a method for distinguishing cells’ phenotypes by
mapping cellular allostasis.

DISCUSSION

In the present study, we applied an integrated
ultrasound tweezers perturbation and FRET sensing
system to study spontaneous cellular allostatic behav-
iors and explored the bio-chemo-mechanical model
that governs the generation of forces by VSMCs in
response to localized mechanical stress. We further
demonstrated the possibility of profiling the dynamics
of a cell’s mechanical allostasis for cell mechanophe-
notyping based on cell’s intrinsic actomyosin CSK
property changes.

Cells actively modulate cellular sensing and signal-
ing transduction components, such as cell CSK struc-
tures and intra- and inter-cellular mechanosensitive
molecules to adapt to mechanical cues,.37,50,57,60,72 Yet
it remains unclear how the transformation or deterio-
ration of a cell’s CSK properties featured in disease
progression contributes to a cell’s dynamics response
to mechanical stress in allostasis. As a cell makes up
the foundation of larger-scale behaviors, exploring
single-cell allostasis at a subcellular domain may help
us better understand the etiology of various diseases
and progression of aging. Using our micromechanical
system, we successfully mapped VSMCs’ mechanical
allostasis. Single VSMCs demonstrated their allostatic
behaviors by actively modulating their intracellular
tension and showed an increase in CSK tension in the
first 5 min after stimulation and then a monotonic
decrease to the initial ground-state value with 30 min.
In vivo, SMCs are arranged circumferentially into
multiple layers and respond to dynamic blood flow
stress to maintain the integrity of arteries. Our
observed allostatic behaviors of VSMCs imply that in
response to mechanical perturbations, VSMCs hold
the ability to respond and recover from external stress,
performing robust allostatic behaviors for achieving
steady state.

We further identified that cellular allostasis is
dependent on the integrity of a bio-chemo-mechanical
feedback that controls VSMC contraction. Acto-
myosin cross-bridge cycling has been previously iden-
tified as the mechanism for tension development in
SMCs. Loss of a contractile SMC phenotype from
human genetic variation has resulted in progressive
aortic enlargement and dissection, emphasizing the
importance of healthy cellular allostasis in maintaining
tissue integrity. In our study, we found that disruption

of any component in the bio-chemo-mechanical feed-
back results in an allostatic maladaptation. Studies on
the phenotypes of SMCs from normal and T2DM
patients of the same age have revealed that Rho/
ROCK activity is compromised in T2DM SMCs. Our
study also found that T2DM SMCs demonstrated a
compromised allostasis. This compromised allostasis
in T2DM SMCs may also arise from other factors such
as a distinct CSK structures compare to normal SMCs.

Our integrated ultrasound tweezers perturbation
and FRET sensing system can be readily applied to
study both single and multi-cell level allostatic behav-
iors. With the assistance of microbubble agents, the
acoustic tweezers can deliver transient and localized
mechanical perturbations to either a single-cell or cell-
colony system. In addition, the functions of other force
transmission molecular such as actin-crosslinking
protein filamin and adhesion protein talin can be
readily explored with the integration of corresponding
FRET-based molecular sensors. The versatility of the
FRET molecular sensors combined with acoustic
tweezers can further enable a detailed mechanistic
study of cellular allostasis. Theoretic modeling of cell
allostasis from molecular mechanism studies can fur-
ther be derived to predict cell mechanical allostasis in
various pathological conditions.

Altogether, we demonstrated here the concept of
cellular mechanical allostasis and profiling its dynam-
ics as a diagnostic tool for cell mechanophenotyping as
observed with T2DM SMCs and their unique allostatic
maladaptation. Our system can be easily extended to
other diseases involving cellular damage and tissue
dysfunction. For example, aging is a temporal process
involving progressive functional decline of cell/tissue.
Our successful mapping VSMC allostasis offers proof
of concept that this method can predict the adaptation
or maladaptation for young vs. aged cells and provides
an alternative approach to use cellular ‘allostatic phe-
notype’ to explore biophysical mechanisms of the
aging processes. It may even be interesting to apply our
analysis to determine cellular aging which may be
associated with age-related cell biophysical changes.
Finally, key molecular mechanisms that may lead to
the transformation of healthy mechanical allostasis
into an allostatic maladaptation through alterations in
mechanotransduction in cell aging can also be
explored.
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