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ABSTRACT

This Perspective paper advances a hypothesis of mechanosensation by endothelial cells in which the cell is a dynamic crowded system,
driven by continuous enzyme activity, that can be shifted from one non-equilibrium state to another by external force. The nature of the shift
will depend on the direction, rate of change, and magnitude of the force. Whether force induces a pathophysiological or physiological change
in cell biology will be determined by whether the dynamics of a cellular system can accommodate the dynamics and magnitude of the force
application. The complex interplay of non-static cytoskeletal structures governs internal cellular rheology, dynamic spatial reorganization,
and chemical kinetics of proteins such as integrins, and a flaccid membrane that is dynamically supported; each may constitute the necessary
dynamic properties able to sense external fluid shear stress and reorganize in two and three dimensions. The resulting reorganization of
enzyme systems in the cell membrane and cytoplasm may drive the cell to a new physiological state. This review focuses on endothelial cell
mechanotransduction of shear stress, but may lead to new avenues of investigation of mechanobiology in general requiring new tools
for interrogation of mechanobiological systems, tools that will enable the synthesis of large amounts of spatial and temporal data at the
molecular, cellular, and system levels.

VC 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5133645

INTRODUCTION

Blood flow induces shear stress on the endothelial cell surface and
initiates a series of biochemical pathways.1–4 For example, shear leads
to the generation of nitric oxide (NO), a potent vasodilator in small
arterioles, and a potent inhibitor of platelet adhesion and aggrega-
tion.5–9 The formation of nitric oxide, therefore, has intrigued scientists
studying both control of blood perfusion of the microvasculature and
the pathobiology of atherosclerosis and thrombosis in larger arteries.6,10

Shear stress also activates the mitogen activated protein kinase
(MAPK) signaling pathway, leading to inductions of the promoters of
monocyte chemotactic protein-1 (MCP-1) and c-fos, molecules that
facilitate early monocyte recruitment to fatty lesions in arteries.11 Shear
induction of nitric oxide12 and the MCP-1 and c-fos promotors13

depended on transmembrane integrin molecules.
The convergence of research into the fundamental mechanisms

by which endothelial cells convert mechanical force into biochemical
signaling has been a central focus of the lab of Shu Chien. This review
traces two avenues of investigation championed by the Chien lab: integ-
rin mechanosensation and the mechanobiology of the cell as a complex,
interconnected, dynamic system. The review will lead to a hypothesis
that cellular systems from single integrin molecules to two-dimensional
organization of membrane molecules to three-dimensional

readjustment of cytoskeleton-driven rheology and organization of
enzymatic signaling systems constitute mechanotransduction pathways
manifested in force-dependent changes in endothelial cell biology.
Specifically, a new line of research in mechanobiology is proposed that
focuses on the crowded environment of the cytoplasm in three dimen-
sions and membrane in two dimensions. These cellular structures are
arenas for enzymatic pathways and may be driven by force to various
non-equilibrium states, resulting in observed changes in cellular behav-
ior (Fig. 1). Put another way, the cell as a dynamic and integrated engi-
neering and biochemical system is mechanosensitive.14

ENDOTHELIAL CELLS ARE DIFFERENTIALLY SENSITIVE
TO SHEAR MAGNITUDE AND RATE-OF-CHANGE

Shear stress magnitude and rate-of-change result in dramatically
different endothelial cell-mediated vasodilations.15–17 Shear-induced
vasodilation depends on integrins,18,19 cell-cell junctions,6 membrane
channels,20 glycocalyx,21 and microtubules,10 among other compo-
nents. Thus, it is likely that the rate sensitivity arises from the match-
ing of time constants between the stimulus (force) and the dynamic
organization of these force-sensitive systems.22 The rate sensitivity of
endothelial cells in larger arteries had been suspected for many years
and has led to a series of discoveries that shear rate-of-change may be
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a more potent stimulus to cells than the shear magnitude itself.23–25 In
fact, the leading hypothesis for the localization of atherosclerotic
lesions is that shear stress in areas of disturbed flow, which is caused
by sudden changes in shape and curvature of blood vessels, occurs
where shear stress is low and oscillatory, whereas shear stress in areas
of the vasculature protected from atherosclerosis is unidirectional and
relatively high.26 Thus, endothelial cells of all sized blood vessels are
sensitive to the shear magnitude, direction, and rate-of-change.

THE MEMBRANE’S CONSTITUENTS ARE
DYNAMICALLY REARRANGED BY SHEAR STRESS

The search for a mechanosensor that is sensitive to rates and
magnitudes of shear application led to the hypothesis that the mem-
brane can transduce force to biochemical signals.27–29 The cell mem-
brane has relatively strong structural integrity in the lateral dimension
but has a fairly low bending modulus, making it simultaneously a for-
midable structure that helps define the cell boundary, and a dynamic
structure capable of rapid sensation of external forces.30 It has subse-
quently been shown that shear stress applied to the luminal endothelial
cell surface leads to increases in the dynamic reorganization of mem-
brane lipids29,31,32 and that this change in lipid fluidity is felt in mem-
brane subdomains.33 It has further been shown that shear leads to out
of plane membrane undulations,34 which could play a role in cellular
interaction with the environment.30 These changes were seen to
depend on the shear direction as evidenced by the finding that an
increase in the lateral diffusion of a lipid-like dye was higher in the
upstream facing part of the cell and lower in areas downstream of the
nucleus.32 Furthermore, shear-induced changes in membrane fluidity
depended on the rate of change of shear stress.31 Thus, the cell mem-
brane was uniquely suited to be a mechanosensor of shear stress that
could detect direction, magnitude, and rate of change, features of shear
stress now known to be primary determinants of the location and for-
mation of atherosclerotic lesions.

Focus on the membrane as a heterogenous system with regulated
spatial organization of membrane molecules35 has led to a hypothesis
that shear stress may be uniquely felt in membrane microdomains.
For example, a simplifying concept has emerged that characterizes cell
membranes as existing in liquid-ordered (Lo) and liquid disordered
(Ld) domains. Lo domains are high in cholesterol and characteristically
thicker and more viscous36 than Ld domains. Accordingly, Lo domains
were labeled using long-chain DiI molecules (DiI C18), whose

fluorescence lifetime is higher owing to the viscous nature of sur-
rounding molecules. Conversely, short-chain DiI molecules (e.g., DiI
C12) associate with Ld domains and exhibit short fluorescence life-
times. In studies on shear effects on membrane microdomains, shear
stress leads to fluidization of the Ld domains in a rapid and transient
fashion while the increase in Lo domains was slower and more sus-
tained. This result may be explained by the idea the Ld domains have a
lower modulus than liquid ordered domains.37 The lower modulus
makes them rapidly sensitive to changes in luminal shear. Alternative
methods using dyes sensitive to water penetration of the membrane
have yielded similar conclusions.38 Once sheared, after an initial tran-
sient increase in fluidity, domains are likely to coalesce.39 Taken
together, it is possible that shear stress drives the association of
domain-associated lipids and proteins from one state to another thus
driving the association (and disassociation) of these molecules to a
new steady state, and possibly to a new biological signaling state.

Possible membrane bound proteins responsible for shear sensi-
tivity were receptor tyrosine kinases (RTKs); growth factor receptors
that, when dimerized, lead to activation of p21 ras, an important small
GTPase. The Chien lab showed that shear stress induced the activation
of small GTPase p21 ras that, in turn, led to initiation of the mitogen
activated protein kinase (MAPK) signaling cascade leading through c-
Jun N-terminal kinase (JNK) phosphorylation and the initiation of the
MCP-1 protein expression. MCP-1 is largely responsible for the adhe-
sion of monocytes to vascular endothelial in areas of disturbed flow.
Monocytes in turn migrate across the endothelium to engulf low den-
sity lipoprotein, leading to the formation of foam cells and resulting in
fatty streaks.40 Thus, the small GTPase, which is associated with the
cell membrane, is an important upstream singling partner for shear-
induced activation of genetic transcription. Activation of this pathway
depends on src family kinases,11 which may originate in Lo domains.41

The Chien group later showed convergence of RTKs and integrin
signaling.42 In this study, they investigated the interplay of integrins,
and the vascular endothelial growth factor receptor 2 (Flk-1). Flk-1 is a
receptor tyrosine kinase that, when activated by vascular endothelial
growth factor, dimerizes leading to regulation of MAPK and subse-
quently to the NF-KB pathways via Rho and Ras GTPases. Shear stress
activates both the Flk-1 and integrins suggesting that shear activates
multiple pathways that converge to elicit the cellular response such as
alterations in gene transcription. In that study, they showed that integ-
rins are required for the shear stress activation of Flk-1 putting

FIG. 1. Shear stress of vascular endothe-
lium. Figure denotes the crowded nature
of the glycocalyx, membrane, and cyto-
plasm. These structures are inherently
dynamic and their dynamic structures are
sensitive to the prevailing shear stress.
The structures are also arenas for
enzyme-driven signaling pathways, the
location and kinetics of which are also
dependent on applied force.
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integrins upstream of shear activation of their receptor tyrosine kinase.
Thus, this research showed the primary role of integrins in shear sensi-
tivity of the endothelium.

SHEAR STRESS ON THE LUMINAL SIDE LEADS
TO FORCE TRANSMISSION AND DYNAMIC
RESTRUCTURING OF THE ABLUMINAL SIDE
OF THE CELL

A controversy in the field was whether shear stress was felt at the
luminal cell surface where it is transduced into biochemical signals, or
whether the forces were transmitted to the interior43,44 or the basal,
abluminal part of the cell.45 While integrins are found in both ablumi-
nal and luminal parts of the cell, the Chien lab demonstrated that new
integrin adhesion with extracellular matrix molecules was responsible
for shear induced MAPK activity.13 In this study, they plated endothe-
lial cells on vitronectin and fibronectin and blocked new integrin liga-
tion using antibodies that recognize the conformation of integrins
unique to binding. The significance of this finding is in the recognition
that forces from shear may, first, be transmitted to the abluminal side
of the cell and that the forces need not be so high to actually pull on
integrins and change their activation state, but rather, slight deforma-
tion of the cell can lead to new integrin ligation. Thus, high shear
stress, which is atheroprotective, may be sufficient to activate integrins
already bound to extracellular matrix molecules whereas lower shear
may be sufficient to deform the peri-focal adhesion membrane leading
to new ligation, which could then lead to the downstream signaling
thought to be responsible for the formation of adhesion molecules,
such as MCP-1, on the cell surface and atherogenesis.

In a recent study, preliminary quantitative support for this idea
was provided using finite element analysis of sheared and focally
adhered endothelial cells wherein forces from luminal shear stress are
transferred through the cell to areas of focal adhesions, where they are
amplified.46–48 This amplification comes from the juxtaposition of
adhered sections of the membrane with non-adhered, resulting in rela-
tively high strains in the peri-focal adhesion areas. Furthermore, there
is evidence that the moderate shear stress is sufficient to bend the
membrane toward the extracellular matrix.49 Further computational
analysis suggested that shear stress can transmit forces to cell junctions
and to the focal adhesion plaques themselves to a level sufficient to
support the hypothesis that bound integrins may also be sensitive to
force.47,48 Such force transmission may be sufficient to alter interac-
tions of integrin and talin, a known indicator of integrin activation.50

Following the apposition of the membrane to extracellular
matrix, it has been shown directly that this process can lead to integrin
adhesion followed by activation. Using a technique based on ion con-
ductance spectroscopy, a small pipette, functionalized with fibronectin,
was brought into close proximity to the endothelial cell surface.51

Simultaneous imaging of fluorescently tagged GPI-anchored proteins
(indicators of Lo lipid rafts) and RFP talin, an indicator of integrin acti-
vation, demonstrated that one of the earliest events upon adhesion is
assembly of liquid-ordered domains at the point of adhesion.52 These
domains likely recruit integrin molecules to them which would explain
the arrival or talin within 10–20 s after adhesion. Thus, new adhesions
between the membrane and extracellular matrix (ECM) lead to integ-
rin transport and activation resulting in talin assembly.53

INTEGRINS DIFFUSE IN THE PLANE OF THE
MEMBRANE AND CONVERT FROM UNBOUND TO
BOUND STATE WITH CONCURRENT MOVEMENT
FROM Ld to Lo DOMAINS

Integrin transport and adhesion was measured directly using
an optically trapped micron-sized bead functionalized with Arginine,
Glycine, and Aspartate (RGD) extracellular matrix molecules.54

Unique to this experimental setup was the ability to determine the pre-
cise moment of adhesion by detecting the refraction of light that
occurs between the trapped bead and cell surface. This event was man-
ifested as a 3% reduction in light detected using a quadrant photodiode
that also functioned to determine the lateral spatial location of the
bead relative the trapping laser beam. In these experiments, both the
adhesion time of the bead to the surface and subsequent force produc-
tion were measured. It was found that 0.5 s adhesion time resulted in
high probability of single bond formation between b1-integrins and
the RGD peptides. When the membrane was manipulated with the
amphiphile, benzyl alcohol (BA), which has been shown previously to
result in reduction in Ld membrane thickness and the subsequent
coalescence of membrane domains,55 affinity of the integrin to the
bead increased. Integrin affinity was measured by changing the rate of
retraction of the bead from the cell. Affinity was also manifested by an
increase in integrin-RGD bond strength from 30 pN to 40 pN, reflect-
ing that these are catch bonds as demonstrated in Ref. 56
Furthermore, BA’s ability to cause coalescence of domains enabled
testing of the hypothesis that integrin avidity would also increase as
domains brought integrins closer to the contact point. Indeed, when
increasing the bead-membrane apposition to 1.5 s, from 0.5 s, the
number of bonds increased to two from one, but only when the cell
was treated with BA.

The notion of integrin clustering in the membrane prior to adhe-
sion was supported by using red fluorescent protein- (RFP-) labeled
integrins and measuring their diffusion and brightness before and after
BA treatment. Using fluorescence correlation spectroscopy, which
provides two independent measures of number of molecules diffusing
past a focused confocal laser beam, it was shown that integrins diffused
as pairs after BA treatment. This coalescence of domains and integrins
was reversed by vitamin E, which disperses domains. Domain coales-
cence and disbursement were verified by performing fluorescence cor-
relation spectroscopy (FCS) analysis on Lyn, a src family kinase,
known to associate with Lo domains.57 The dynamic sorting of
membrane domains was shown by others using stimulated emis-
sion depletion (STED) microscopy that the natural time scale of
organization of Lo domains58 was tens of milliseconds with a
length scale of 10–20 nm,59 and dependent on adhesion to the
extracellular matrix.51

Therefore, it is suggested that shear stress on the luminal side can
lead to activation of integrins on the abluminal side and their coales-
cence, a process related to integrin localization in membrane microdo-
mains. Shear further assists in biasing the abluminal structure toward
new adhesions by assisting in presenting integrins to the ECM. The
focal nature of these adhesions is ensured because of the repelling
nature of the glycocalyx, which is necessary for the formation of the
second integrin bond when presenting the RGD-coated bead to the
cell for 1.5 s.54 This concept that focal adhesions depend on the glyco-
calyx has been advanced recently by others.60,61 This concept is illus-
trated in Fig. 2.
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ENZYME CATALYSIS IS A NEW FORCE IN
MECHANOBIOLOGY

Both the membrane and cytoplasm are arenas for enzymatic pro-
cesses in which enzymes interact with ligands leading to the produc-
tion of substrate molecules. Recently, it has been found that, like
kinesins and other cytoskeletal bound motor proteins, diffusing
enzymes convert the substrate to products and produce a “kick” force
that enhances the diffusion of the enzyme.62 In that study, fluorescence
correlation spectroscopy (FCS) was used to measure single molecule
diffusion of urease, in the absence and presence of urea, and in the
absence and presence of an inhibitor. It was found that urea caused a
dose dependent increase in diffusion. Using Langevin molecular
dynamics simulations in which a force was applied for each enzymatic
turnover event until the diffusion coefficient matched that which was
measured using FCS, this force was estimated to be about 12 pN,
which is on the order of the force exerted by the well-known molecular
motors of dynein, kinesin, and myosin.63 Such a discovery pointed to
a series of studies that showed that when normally diffusive enzymes
were bound to a substrate, they could impart forces on the local fluid
and drive fluid flow.64 Furthermore, membrane bound enzymes such
as ATPase could impart forces to the membrane themselves and cause
motion of nano-sized vesicles65 a phenomenon that, in cells, could be
responsible for non-thermal membrane bending fluctuations.34,66,67

Importantly, this force may be responsible for the observation that
enzymes chemotax up substrate concentration gradients, which was
detected using a two-channel microfluidic device.68 In these experi-
ments, the substrate was introduced into a flow stream alongside the
corresponding enzyme and the enzyme was seen to diffuse toward the
substrate channel to a greater degree when the substrate was present
than when absent or in the presence of an inhibitor. Such a phenome-
non was hypothesized to be responsible for the observation of the tran-
sient existence of purinosome-related signaling complexes first observed
in 2008 in which two enzymes catalyzed four sequential biochemical
steps that were dynamically regulated using purine concentration.69

Recently, it has been suggested that the origin of this compartmentaliza-
tion of signaling may be a combination of enzyme related forces, single
molecule chemotaxis, and enzyme channeling.70

CONVERGENCE OF ENZYMATIC MOTORS AND
MECHANOTRANSDUCTION PATHWAYS: FORCE-
DEPENDENT, DYNAMIC ORGANIZATION OF
SUBCELLULAR SIGNALING COMPLEXES

Research described in this review has focused on force transduc-
tion mechanisms centered around the cell surface, which is made of
glycocalyx, membrane, and cortical cytoskeleton. Similarly, the inter-
nal part of the cell is dynamically sensitive to shear stress as evident by
fluidization (i.e., reduction of rheological moduli) of the cytoskeleton
upon shear application.71 Such fluidization of the interior of the cell
has been documented for other types of force applications.72–77 This
fluidization points to dynamical resetting of cellular mechanics on the
same time scale as application of many of the physiologically relevant
mechanical stimuli. In an excellent review on the importance of the
matching of time constants between stimuli and response, Hoffman
and colleagues point out that mechanobiological processes can pro-
ceed very differently depending on the current state of the cell and the
timing and magnitude of the stimulus.22 With a focus specifically on
the molecular fluidization, this process suggests a dynamically evolving
crowded landscape for molecular processes upon force stimulation.
Interestingly, crowding can affect how enzymes are transported
through cell-like environments.78 Together with the observation that
diffusive enzymes can exert force to enhance their own diffusion,79

allowing them to travel up substrate concentration gradients80 and
resulting in biologically relevant organization and coalescence of sig-
naling molecules whose products are substrates for other enzymes,70 it
is possible that endogenous enzymatic pathways may be sensitive to
force through fluidization of the compartments in which they react.
The concept of enzymatic forces driving biological signaling in a diffu-
sive environment that is mechanically dynamic may mean that the cell
is constantly in a state of flux, with its homeostasis dependent on well-
defined, regular force stimulation.79,80 Such dynamical resetting of
homeostasis of the cell could explain why unidirectional shear stress
results in atheroprotective cells while oscillatory, dynamically reorient-
ing shear leads to endothelium that is atheroprone.81 This concept
of shear stress and cellular homeostasis was predicted by Shu Chien
and explained in a the 2006 Cannon Award Lecture entitled

FIG. 2. Integrin adhesion at sites devoid of glycocalyx with integrin catch bonds supported by elasticity of glycocalyx. A. Integrins exist as monomers in liquid-ordered domains
with glycocalyx present uniformly on the cell surface. B. Random defects (or induced defects) in the glycocalyx spacing, thermally induced bending of the membrane, and
applied force on the abluminal surface, bias the membrane to close approximation with extracellular matrix molecules. C. Once an integrin molecule is adhered, the bent mem-
brane provides an avenue for additional adhesion, with the glycocalyx providing some of the counter forces of adhesion necessary to maintain catch bonds.
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“Mechanotransduction and endothelial cell homeostasis: the wisdom
of the cell,”2 a publication that honors Dr. Chien’s academic grandfa-
ther, Walter B. Cannon.82

THE FUTURE OF MECHANOBIOLOGY IS IN FORCE-
SENSITIVITY OF DYNAMIC SYSTEMS

The existence of enzymatic forces in cells could point to a whole
new concept of mechanobiology. By virtue of being in a nutrient envi-
ronment, the cell is constantly metabolizing numerous substrates. Each
of these enzymatic reactions may generate the force driving the mechan-
ical and chemical fluctuations of the system in a non-equilibrium man-
ner. In the absence of external stimuli, the non-equilibrium state may be
metastable but could be driven to a new non-equilibrium state by apply-
ing force (Fig. 3). Furthermore, many enzymatic pathways in the cells
comprise kinases, which catalyze the conversion of phosphate bound
purines (e.g., ATP and GTP), which has been shown recently to be force
producing.65 Conversely, depletion of ATP leads to a sharp reduction in
motion of organelles in the cell.83

The tools to explore this area of mechanobiology may already
exist. Super-resolution microscopy is rapidly improving its ability to
track dynamic systems.84,85 Large scale imaging remains a challenge at
these length and time scales but would be required to map the emer-
gent patterns of mechanosomal organization. Furthermore, a sug-
gested next avenue in mechanobiology research is to develop
computational tools that take into account the dynamic structural/bio-
chemical landscape that is the cell. Perhaps these tools are less mecha-
nistic and more rules-based such that they could be assessed using
neural networks, genetic algorithms, or an artificial intelligence frame-
work, the models of which could be trained on cellular mechanobio-
logical data, as is being done in some immunological studies,86 or tools
from researchers focused on active matter.87 Since cells dynamically
change the density of the cytoskeleton71 and crowding controls the
diffusion of flexible molecules,78 perhaps shear stress works indi-
rectly on signaling complexes through its dynamic control of intra-
cellular molecular crowding. Such processes could operate in two
dimensions (such as the cell membrane) or in three dimensions in
the cytoplasm. Such approaches could uncover unknown parame-
ters that pinpoint the relationship between force and dynamic
mechanosome organization.88–90

SHU CHIEN: PUSHING THE BOUNDARIES OF BIOLOGY
AND MECHANICS

The fundamental mechanisms underlying pathophysiological
processes lie at the intersection of chemistry, biology, and mechanics.
Chemistry describes the reactants and reaction rates central to biologi-
cal signaling; biological structures control spatial and time-dependent
organization of reactions; and force influences reaction rates, structural
integrity, and subcellular organization. At this intersection is mecha-
nobiology, a field employing a diverse set of tools and scientific mind-
sets to understand and cure disease and develop new diagnostic and
therapeutic tools. Here, we focus on the mechanobiology of the endo-
thelium and, specifically, the cellular interface connecting extracellular
matrix, glycocalyx, membrane, integrins, and cytoskeleton. As part of
this special edition honoring Shu Chien, we trace a line of research
originating from rate sensitivity of shear-induced arteriolar vasodila-
tion through dynamic organizing principles of the endothelial cell
membrane and integrin-mediated adhesion, and how this dynamic
organization is tuned to the prevailing dynamics and magnitude of
applied force. A parallel body of research is described that originates
from a discovery that diffusing enzymes exert force on the surround-
ing fluid for each catalyzed reaction, forces that result in molecular
chemotaxis up substrate concentration gradients and dynamic organi-
zation of enzyme signaling complexes. We then propose a new
perspective in mechanobiology: that force drives the cell from one
non-equilibrium chemical and structural state to another. This new
framework moves away from deterministic causes and effects to a con-
cept of the cell as an integrated, dynamic engineering system sensitive
to its mechanical surroundings.

This review focused on how early work in the Chien lab inspired
research aimed at elucidating mechanobiological mechanisms origi-
nating from the cell membrane and its integrated structures including
the glycocalyx, cytoskeleton, and transmembrane proteins. Despite the
search by many, the path has not so much converged on the identity
of a mechanosensor as on the realization that mechanosensing may
depend on dynamics and spatial complexity of the force application
and the cellular structure and signaling cascades. It seems likely, there-
fore, that the answer to how cells sense force is less like the traditional
lock and key hypothesis of receptor-ligand interaction leading to bio-
chemical signaling, and more akin to how organisms, or groups of
organisms, respond in a coordinated fashion to external stimuli. The

FIG. 3. Force-dependent transitions of
cellular structural and biochemical states.
The diagram depicts the concept that
force application (with its dynamic and
magnitude components) can assist the
cell in transitioning from one non-
equilibrium state to another. Each of these
states may constitute a distinct biological
phenotype for the cell.
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rules of this response remain to be worked out, but it seems that the
tools likely exist at interdisciplinary boundaries between enzyme kinet-
ics, cellular structure, super-resolution microscopy, and computational
science. Pushing on these boundaries is likely to lead to a more com-
prehensive picture of mechanobiology.
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