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ABSTRACT The ability to spatially control cell signaling can help resolve fundamental biological questions. Optogenetic and
chemical dimerization techniques along with fluorescent biosensors to report cell signaling activities have enabled researchers
to both visualize and perturb biochemistry in living cells. A number of approaches based on mechanical actuation using force-
field gradients have emerged as complementary technologies to manipulate cell signaling in real time. This review covers
several technologies, including optical, magnetic, and acoustic control of cell signaling and behavior and highlights some studies
that have led to novel insights. I will also discuss some future direction on repurposing mechanosensitive channel for mechanical
actuation of spatial cell signaling.
The ability to sense and respond physiologically to environ-
mental cues is a hallmark of all cellular life. The field of
signal transduction emerges from the seminal work of Mar-
tin Rodbell in the 1970s, where he examined the effects of
glucagon on membrane receptors from rat liver cells (1).
This led to the 1994 Nobel Prize in Physiology or Medicine
that he shared with Alfred Gilman. The explosive growth of
signal transduction studies since then has revealed the
complexity of signaling pathways. Classically, signal trans-
duction involves the binding of extracellular signaling mol-
ecules and ligands to cell-surface receptors that triggers
events inside the cell leading to cellular responses. This is
complimented by the concept originated in the 1980s that
cellular responses to soluble hormones may be regulated
mechanically through changes in extracellular matrix struc-
ture and mechanics (2), which is now referred to as mecha-
notransduction. Today, it is well recognized that mechanical
stimuli can influence a myriad of cellular processes,
including differentiation, proliferation, and cell migration
via altered signaling. This is in part due to the development
and availability of biophysical tools that have enabled me-
chanical actuation of single cells with subcellular resolu-
tion. This review focuses on the application of biophysical
tools, in particular ones based on using a force field (i.e.,
optical, magnetic, and acoustic), which allow for the interro-
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gation of subcellular mechanotransduction and manipula-
tion of cell signaling (Fig. 1).
Active modes of mechanotransduction

Ricca et al. (3) recently proposed a framework for classi-
fying mechanotransduction in terms of their inputs and out-
puts, which is a helpful starting point to parse out a growing
body of mechanobiology literature. Passive mechanical in-
puts include physical properties such as substrate stiffness,
ECM alignment, and adhesive affinity..etc. The static
physical property of the microenvironment can have a pro-
found impact on cell physiology, producing active biolog-
ical outputs in cytoskeleton remodeling, gene expression,
changes in membrane trafficking, altered signaling, and
stem cell differentiation (4–9). Active inputs, on the other
hand, encompass externally applied forces, such as cell
stretching and fluid shear stress. These dynamic active in-
puts also can generate active biological outputs by altering
cytoskeleton and signaling (10,11), and have a response
timescale ranging from seconds (signaling and contractile
responses) to weeks (proliferation and differentiation). At
the single cell level, forces at the level of tens of piconew-
tons to nanonewtons necessitate the utility of specialized
approaches to mechanically actuate biochemical signaling.
Feel the force: overview of field gradient methods

The easiest way to mechanically perturb something is
through physical contact with a probe. For decades, glass
microneedles have been used as force probes to investigate
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Mechanical Actuation of Cell Signaling
biological systems from single actin filament mechanics
to muscle physiology (12,13). With the development of
atomic force microscopy, more sophisticated cantilever
force probes with sensitive force resolution have provided
measurements of forces generated by single cells and
in vitro cytoskeleton networks (14,15). Because of the
requirement of a physical probe as a force transducer, force
application is limited locally to the surface contact to a cell.
As a significant number of probe-based studies focus on
studying cells’ passive material properties, I will instead
focus on force-field methods for manipulating cellular
mechanical environments as an approach to study active
cellular outputs in organizing cell signaling and cytoskel-
eton remodeling.

Common force-field methods include the use of electric,
optical, magnetic, and hydrodynamic fields to generate traps
(in some cases), and offer a contact-free approach for force
transduction. Forces can be applied globally over the entire
cell or locally via the use of a force handle (not to be
confused with force probes). These traps can be understood
as potential energy wells where forces on a cell or a force
handle are balanced. For microscale cell manipulation
with electric forces, high-gradient electric field is used in di-
electrophoresis where a neutral particle experiences a net
force up or down the electric field, depending on the polar-
izability of the particle compared to the medium (16,17).
Optical tweezers work by the conservation of momentum
on spherical particles (for particles greater than wavelength
of light) where a change of momentum from photons that
strike the particle imparts an equal and opposite momentum
change on the particle, thus drawing the particle to the most
intensive part of a beam (18). With a similar concept to op-
tical tweezers, magnetic tweezers use a pair of permanent
magnets to generate a constant magnetic force to move or
rotate a paramagnetic particle due to the large characteristic
length of the magnetic field gradient (19). Detailed working
principle for these force spectroscopy techniques and their
applications to single molecule studies where they have
made the most impact have been well described in other
reviews (20). In combination with microfluidics, one area
where field gradient methods have contributed in recent
years is in cell separation applications, where cells can be
handled as objects to be moved around (21–24). Besides
whole cell manipulation, these techniques have been
harnessed for subcellular mechanical actuation to enable
more precise control of cytoskeleton remodeling and
signaling pathways. In the sections below, I will discuss
various force application approaches in the context of
remote control of subcellular activities.
Mechanical activation of signaling by optical
tweezers

Optical tweezers function by tightly focusing a laser beam
to a diffraction-limited spot using a high numerical aperture
objective where the gradient force exerts an attractive force
(typically between 1 and 500 pN) toward the focus of the
beam. By combining mechanical actuation of fibronectin-
coated polystyrene bead using optical tweezers and a
genetically encoded Src biosensor based on fluorescence
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resonance energy transfer, Wang et al. (25) observed direc-
tional Src wave propagation along the plasma membrane
and a rapid distal Src activation. In addition, this complex
spatial signal transduction pattern induced by local mechan-
ical stimulation depended on an intact actin cytoskeleton.

One of the most complex signaling systems is in the im-
mune system where a T cell needs to differentiate between
large numbers of antigens before eliciting a proper immune
response. Using antigenic peptide bound to major histocom-
patibility complex-coated bead on T cells to simulate the
interactions between T cell receptor complex and major his-
tocompatibility complex ligation, an optical tweezers assay
revealed that an external tangential force, but not a normal
force, is stimulatory in inducing a calcium flux (26). This
study highlights the T cell receptor as an evolved mechano-
sensor that is activated by direction-specific physical force.

The use of glass or polystyrene beads as force handles is
usually required for optical tweezers experiments, but cell-
cell interfaces can be directly manipulated by optical twee-
zers, and thus not limited to manipulating single molecules.
Applying precise optical forces in epithelial cell junctions in
Drosophila embryo using optical tweezers in a pull-and-
release fashion, Bambardekar et al. (27) reported time-
dependent cell junctional mechanics properties consistent
with a viscoelastic model. By comparison, manipulating
single molecules in living cells by optical tweezers is
extremely challenging and it has been restricted to force-
measurement studies (28), and the application of optical
tweezers for manipulating subcellular signaling has not
been realized.
Optical ablation of intracellular structures

While optical tweezers can trap and manipulate individual
gold nanorods as slender as 8 nm in diameter (29), heating
and the creation of free radicals can have detrimental effects
upon cell physiology (30,31). Endogenous particles such as
lipid granules can be used as intracellular force handles (32),
but the specific biological context of lipid granules and
the aforementioned limitations with metallic nanostructures
make it challenging to adopt optical tweezers for intracel-
lular manipulation.

Using the ablation property of a focused laser, it is
possible to perform nanosurgery in living cells with diffrac-
tion-limited resolution. Using near-infrared low-energy,
low-repetition-rate femtosecond laser pulses, the optical
ablation technique is a noninvasive one, and subcellular
ablation does not compromise cell viability nor affect neigh-
boring structures (33). Nanosurgery by optical ablation has
been used to ablate cellular structures including mitochon-
dria, Golgi, centrosomes, spindle microtubules, and actin
stress fibers (33–37). Notably, Kumar et al. (34) observed
viscoelastic retraction of single actin stress fiber in living
cells using nanosurgery and demonstrated that tensional
prestress exists in stress fiber bundles. Leveraging the preci-
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sion of subcellular control of nanosurgery, the spatial
tensional variation was mapped by measuring the visco-
elastic recoil of contractile stress fibers (38). A similar study
has been performed in Caenorhabditis elegans zygotes in
which actomyosin meshwork was ablated and the initial out-
ward velocity of adjacent cortex was proportional to cortical
tension (39). In separate studies, we know cytoskeleton ten-
sion is tightly connected to the Hippo-Yes-associated pro-
tein pathway that controls cell proliferation and organ
growth (40–42). With the advance in genetically encoded,
ratiometric biosensors for cell signaling proteins (43), there
is some exciting potential in investigating how the distribu-
tion of tensile load by optical ablation could modulate
spatial signaling.
Magnetic control of intracellular signaling

Compared with optical tweezers, magnetic tweezers have
spawned numerous studies in spatial intracellular perturba-
tions based on mechanical actuation of magnetic nano-
particles. Although there are no organelles (at least not
normally) that behave as permanent or inducible magnets
inside a living cell, superparamagnetic nanoparticles can
either be microinjected or endocytosed into cells and used
as force handles. A key advantage of magnetic tweezers
over optical tweezers for live cell studies is the noninvasive
nature of magnetic fields, and that the force application can
be highly parallelized (44). Magnetic nanoparticles come
in a variety of sizes and coatings in which conjugation
of ligand and antibodies can be relatively straightforward
because numerous commercially available kits are avail-
able. Thus, force-transducing handles targeted to different
molecules of interest can be readily made to realize mag-
netic-controlled, remote mechanical actuation of a variety
of signaling pathways and cellular organization (45).

Spatial perturbation using magnetic mechanical actuation
works by displacing protein-functionalized nanoparticles,
and this can occur in two scenarios: (1) ion channels or
receptors at the cell membrane or (2) intracellular distribu-
tion of signaling proteins. Attaching magnetic nanoparticles
to mechanosensitive (MS) ion channel TREK-1 permitted
highly localized force to be applied and subsequently acti-
vated the channels (46). Similarly, functionalized magnetic
nanoparticles attached to the surface of a single hair cell
bundle from a North American bullfrog enabled ultrafast
mechanical stimulation of hair cells for studying mechano-
transduction of sensory systems (47). In other cases, the me-
chanical forces are applied to the force handles to spatially
organize bound proteins where the mechanics of proteins do
not play a direct role. Akin to multivalent ligand for receptor
clustering and activation, oligomerization of individual
IgE/FcεRI receptor complexes in mast cells by a magnetic
switch can recapitulate calcium signaling (48). Because
intracellular signaling mostly originates at the cell plasma
membrane, spatially targeting ion channels and receptors
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represents a fitting strategy for remote control of cell
signaling.

Because magnetic nanoparticles can be delivered to in-
side a cell, direct remote control of intracellular signaling
without activating cell surface channels or receptors is
conceivable. This approach has inspired several unique
studies on magnetic control of intracellular signaling.

While endocytosis are typically thought to downregulate
incoming signals, signaling endosomes provide physical
platforms for cross talk between different signaling path-
ways (49), and endocytosed magnetic nanoparticles can
be manipulated as signaling endosomes. In the context
of axonal regeneration after injury, neurotrophin-activated
tropomyosin-related kinase B receptors are endocytosed
and functions as signaling endosomes. In one study, mag-
netic nanoparticles functionalized with tropomyosin-related
kinase B agonist antibodies were allowed to be endocytosed
in primary neurons. In the absence of magnetic field, nano-
particle-activated signaling endosomes were trafficked into
nascent neurites and promoted their growth. However, by
retarding the trafficking of signaling endosomes using a
highly localized gradient of magnetic field, growth cone
motility was significantly hampered (50).

Rho-GTPases play a central role in organizing the actin
cytoskeleton and their precise spatiotemporal control under-
lies dynamic morphological changes during cell migration.
Five-hundred-nanometer-size magnetic particles conjugated
to Rac GTP exchange factor TIAM-1 were microinjected
into fibroblasts and used as nanoscale templates to probe
the activity of molecular complexes inside living cells.
Mechanical actuation to displace a magnetic particle to
the cell’s leading edge stimulated protrusive activity and
an actin comet tail off the particle (51). Five-hundred-
nanometer particles are large enough to clog micropipettes
such that low particle concentrations need to be used and
their motions are frequently constrained by intracellular
obstacles. By using smaller functionalized magnetic nano-
particles down to 15 nm, intracellular diffusive motion of
nanoparticles can be used to generate an intracellular pro-
tein gradient controlled by magnetic forces with a temporal
resolution of a few tens of seconds (52).

Introduction of magnetic nanoparticles by microinjection
and endocytosis both have their pros and cons and specific
biological contexts to which they are best applied. Another
scenario where magnetic remote control of cell signaling is
used is in a membrane-free system where direct delivery of
magnetic nanoparticles to cell-free extract negates the need
for endocytosis and microinjection. A cell extract droplet
has been used as a model system for investigating microtu-
bule nucleation and assembly by magnetic control. Gradient
of GTPase RanGTP, driven by the GTP exchange factor
RCC1, has been shown to stabilize and promote microtubule
assembly in extracts (53). Magnetic nanoparticles conju-
gated to Ran can be added to the extract and encapsulated
in single emulsion droplets. Accumulation of Ran-nanopar-
ticles induced microtubule nucleation under a magnetic field
(54). Dynein motors can organize the polarized microtubule
arrays with their orientation controlled by the direction of
magnetic forces. Collectively, these studies highlight the
versatility and power of remote control of signaling by mag-
netic-based mechanical actuation.
Acoustic control of intracellular signaling

Acoustic tweezers present a relatively new technique, one
that joins the myriad of single-cell and subcellular manipu-
lation tools. Sound waves carry momentum, and the acous-
tic radiation force can be used to move particles or cells in
almost any medium, thus having advantages over magnetic
tweezers that require magnetic particles. Similar to how
magnetic tweezers use a magnet to produce a magnetic field,
the sound wave is produced by a transducer made of a piezo-
electric material that converts electrical energy to mechani-
cal energy to create sound waves when high-frequency AC
voltage is applied (55). Like optical and magnetic tweezers,
acoustic tweezers have been exploited for cell or droplet
separation applications (56,57).

Recently, a technique termed ‘‘acoustic tweezing cy-
tometry’’ was developed based on mechanical actuation of
micron-sized lipid coated gaseousmicrobubbles (58).Micro-
bubbles can be functionalized to bind to cell surface recep-
tors, and Fan et al. (58) targeted microbubbles to adhesion
receptor integrins. Ultrasonic excitation exerts a rapid acous-
tic radiation force that is counteracted by intracellular
cytoskeleton contractility. Local mechanical actuation by
acoustic tweezing cytometry did not affect cell viability
and led to a transient calcium flux. Using acoustic tweezing
cytometry to generate subcellular stress in epithelial cells ex-
pressing a bacterial mechanosensitive (MS) channel MscL,
Heureaux et al. (59) found that MscL, which is activated by
increased membrane tension, can be gated with mechanical
actuation that targets the integrin-focal adhesion-cytoskel-
eton connection. In this context, MscL activation is depen-
dent on an intact cytoskeleton and the study revealed that
local cytoskeleton stress can induce an increase inmembrane
tension to activate MscL.When two microbubbles are bound
to a cell, the scattered acoustic fields from one microbubble
generate a secondary acoustic radiation force on the neigh-
boring microbubble. This can have a dramatic effect on
microbubble behaviors in which microbubbles in an ultra-
sound field pulsating in phase are attracted to one another,
regardless of the direction of the ultrasound wave (60).
This type ofmechanical actuation is quite unique and suitable
for studying force-dependent adhesion-mediated signaling.

While acoustic tweezing cytometry provides a simple yet
efficient force application using ultrasound that does not
have known negative effects on cell physiology, current ap-
plications are limited to force application on the cell surface.
This is due to the fact submicron microbubbles are not
commercially available and the current sizes cannot be
Biophysical Journal 111, 1112–1118, September 20, 2016 1115
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microinjected or endocytosed. Acoustic radiation force is a
function of microbubble size and it remains to be tested
whether smaller microbubbles could exert biologically rele-
vant forces. Another challenge is that microbubbles are gas-
filled and have lower density than cellular fluids and will
thus float unless attached to cellular components. Delivery
of microbubbles to inside a cell might be a challenge; none-
theless, synthesis of smaller microbubbles may provide
potentially exciting opportunities for intracellular mechani-
cal actuation using acoustic tweezing cytometry.
Future outlook

I have presented a brief survey of biophysical approaches
that provide complementary strategies to chemical and
optogenetic tools for producing a spatial gradient of cell
signaling. Chemically inducible dimerization, in particular,
has been widely adopted for manipulating spatial signaling
by targeting a protein of interest to a specific location inside
a cell (61). Because the use of dimerization domains re-
quires using genetically encoded fusion proteins, the organ-
ellar membrane targets are predetermined. Optogenetic
systems use proteins that change conformation in response
to light for controlling spatiotemporal dynamics of signaling
proteins, and it has inherently better spatial control than
chemically inducible dimerization (62). Optogenetics is an
alternative strategy to manipulating localization of signaling
proteins with magnetic tweezers, but it also requires intro-
duction of genetically encoded fusion proteins. While very
powerful for subcellular control of signaling, optogenetics
systems require more engineering work to be done toward
optimizing the affinity, photoactivation rates, and wave-
lengths of photoswitching of photosensitive proteins.

In comparison to chemically inducible dimerization, me-
chanical actuation can have more precise spatiotemporal
control. Even though spatial signaling can be activated
both from the cell surface and intracellularly, direct mechan-
ical actuation of intracellular signaling is still relatively
challenging, with magnetic control of functionalized nano-
particles currently having the most success. Depending on
the application, one key question is whether it is the me-
chanical force that triggers spatial signaling or the organiza-
tion of the functionalized force handles. Moving forward, I
expect the combination of chemical, optogenetic, and me-
chanical approaches to manipulate spatial signaling will
be a fertile ground for new investigations. Because these ap-
proaches are entirely orthogonal, their combinations could
enable some unique studies looking at cross talk (competi-
tion or synergy) between different signaling pathways.

A second area where innovation abounds is the repurpos-
ing of the MS channel for mechanotransduction. The MS
channel provides an evolutionarily conserved mechanism
for sensing mechanical force at the membrane and it actu-
ates by opening a pore to allow molecular transport (63).
Mechanical force is sufficient to trigger a calcium wave in
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Drosophila oocytes from extracellular calcium entering
through MS channels (64). The bacterial MS channel
MscL has a nonselective pore opening of ~2.5 nm and can
be expressed and functionally reconstituted by activation
with osmotic pressure or microfluidic micropipette aspira-
tion in mammalian cells (59,65). Furthermore, localized
stress on a cell surface can increase membrane tension
and induce MS channel opening (59). By combining with
mechanical probes such as microfluidic micropipette aspira-
tion (66), tension of the lipid bilayer can be harnessed to
control gating of a MS channel and introduce a new dimen-
sion of mechanosensitivity that can be exploited for spatial
signaling.

Finally, cell signaling spans a wide range of timescale and
responds to both sustained and transient input. Extending
mechanical actuation to beyond short-term signaling can
have profound effect on cell physiology (67). Further devel-
opment and implementation of mechanical actuation of
spatial cell signaling covering these key features will further
our basic understanding of cellular signaling and provide
opportunity for creating cellular network devices using
living cells with defined input-output relationships. Manip-
ulating subcellular signaling will continue to be of great in-
terest to cell and developmental biologists, biophysicists,
chemists, and engineers embarking on endeavors to take
full control of cells.
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