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Abstract

Mechanical forces play important roles in the regulation of various biolog-

ical processes at the molecular and cellular level, such as gene expression,

adhesion, migration, and cell fate, which are essential to the maintenance of

tissue homeostasis. In this review, we discuss emerging bioengineered tools

enabled by microscale technologies for studying the roles of mechanical

forces in cell biology. In addition to traditional mechanobiology experimen-

tal techniques, we review recent advances of microelectromechanical systems

(MEMS)-based approaches for cell mechanobiology and discuss how micro-

engineered platforms can be used to generate in vivo–like micromechani-

cal environment in in vitro settings for investigating cellular processes in

normal and pathophysiological contexts. These capabilities also have signif-

icant implications for mechanical control of cell and tissue development and

cell-based regenerative therapies.
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1. INTRODUCTION

Living cells possess physical and biochemical modules that enable them to adapt to dynamic

changes in the physiological environment and to maintain appropriate biological functions. For

instance, cells actively sense and respond to biochemical cues, including diffusible factors (au-

tocrine and paracrine), juxtacrine cell-cell signaling, and the active part of the extracellular matrix

(ECM). Cells also face diverse biomechanical environments and respond to exernally applied or

internally generated mechanical stress, such as changes in plasma membrane tension by the topog-

raphy and rigidity of ECM, shear stress, hydrostatic pressure, and compression in a human body

(see Figure 1). They are capable of sensing mechanical forces and converting them into biological

signals via mechanotransduction mechanisms. Impairments of these cellular processes contribute

to the underlying causes of many diseases and pathological conditions. Much research has been

conducted to investigate cellular responses to soluble biochemical factors, such as growth factors,

cytokines, and hormones. However, the effects of mechanical forces exerted on and by the cell are

relatively less understood.

The term cell mechanobiology refers to the study of the role of mechanical forces in cell biology.

Two aspects of cell mechanobiology include (a) the elucidation of the mechanisms by which cells

sense, transduce, and respond to mechanical forces and modulate their functions and (b) the

characterization of cellular mechanical properties. This area is largely underexplored. Few answers

as to specific mechanisms have been given in an unambiguous manner, despite the importance of

these mechanisms in fundamental biological processes and biomedical applications, such as cell-

based therapy wherein mechanical effects on cell fate and growth can affect tissue remodeling and
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The biomechanical environment of cells and tissues in a human body. Cells experience various mechanical
stimuli in a human body, particularly important in the cardiovascular and musculoskeletal systems. To permit
human locomotion, tensile muscular forces and compressive loads act on cartilage and bones through
tendons to move joints. In blood vessels, cells are continuously subjected to shear and hydrostatic stress from
blood flow (a). For instance, shear stress in blood vessels modulates leukocyte rolling and adhesion (b).
Similarly, tissues in lung and heart are stretched cyclically during breathing and heart beating (c). Cell
motility and tissue organization are also affected by mechanical and structural properties of extracellular
matrix (ECM) components. For instance, gradients and structural organization of matrix proteins appear to
provide guidance cues to myocardial alignment during cardiovascular development (c) as well as directional
organization of cells in connective tissue (d ). Cancer cells spread from a primary tumor site (e) and invade
other organs by stimulations from soluble factors and by rapidly tracking collagenous matrix fibers (141).
Another example is a skin wound ( f ). In a connective tissue scar, the collagen matrix has been poorly
reconstituted, in dense parallel bundles, unlike the mechanically efficient basket-weave meshwork of
collagen in normal dermis (225).
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regeneration. This may be primarily because, unlike biochemical stimuli, the spatial and temporal

control of which can be relatively easily implemented, variation of external mechanical stimuli

affecting a cell and precise manipulation of these stimuli are more challenging. Despite existing

demonstrations that mechanical forces are an essential factor in determination of the homeostasis,

differentiation, and function of many cells and tissues, the underlying fundamental conundrum of

how mechanical forces exert their effects on the cell and tissue levels remains to be resolved.

As early as 1892, Julius Wolff described bone remodeling, in which bones changed shape,

density, and stiffness when mechanical loading was altered (1). Loading conditions can also play

important roles in tissue or organ pathology, such as the processes of osteoporosis, atherosclerosis,

and fibrosis (2). Several cell mechanics models, including the liquid droplet model (3), the soft-

glassy model (4), the elastic solid model (5), and the tensegrity model (6), have been developed to

describe mechanical responses of living cells subjected to static and dynamic loads. Despite the

knowledge acquired from these seminal works, our understanding of the complex and intricate

relationship between applied loads and the resulting biological outcomes is, unfortunately, still far

from complete.

There has also been mounting evidence of the correlation between changes in cell mechanical

properties and progression in disease states, for example, in cancers (7, 8), malaria (9, 10), and sickle

cell anemia (11) at the cellular level. The red blood cell (RBC) becomes stiff and cytoadherent

when a malarial parasite invades and matures within a RBC. Similar changes occur when a RBC is

affected by sickle cell anemia (11). Cell stiffness of metastatic cancer cells was more than 70% lower

than that of the benign cells, according to studies of a number of patient samples (12). Further

research at the cellular and molecular levels of human diseases can provide a possible avenue for

disease diagnostics and prognostics through quantitative biomechanical analysis of healthy and

diseased cells.

Mechanical forces can play a critical role in the regulation of cell signaling and function under

normal physiological conditions on the microscale—from tethering junctions at cell-matrix and

cell-cell contacts within a tissue to externally applied loads (e.g., cell stretch, shear stress, substrate

rigidity, and topography) arising in the cellular microenvironment (see Figure 2). Mechanical

forces also have been demonstrated to alter gene expression and to control differentiation in

stem cells. For instance, soft matrices favored the differentiation of mesenchymal stem cells into

neuronal-like cells, moderate stiffness promoted myogenic differentiation, and a rigid matrix

stimulated osteogenic differentiation (13), suggesting that mechanical effects on cell function are

greater than previously thought.

Mechanical studies of cells, subcellular components, and individual biological molecules have

rapidly evolved in the past decade. The progress was facilitated by new capabilities of applying

and measuring forces and displacements with piconewton and nanometer resolutions as well as

by improvements in live-cell imaging techniques (14). Micromanipulation techniques based on

magnetic, optical, and mechanical means have considerably expanded our capabilities to precisely

probe cellular structures and to study their responses. Microelectromechanical systems (MEMS)

have also emerged as an enabling platform technology for cell mechanobiology studies.

These microengineering technologies provide novel experimental capabilities to determine

the type and magnitude of forces experienced at the cellular and subcellular levels and iden-

tify the force sensors/receptors that initiate the cascade of cellular and molecular events. The

advent of microengineered platforms portends endless possibilities for new insights into in-

teractions between cells and their microenvironment that underlie the physiology of human

tissues. Microfabrication technology is increasingly used for controlling the architecture and ad-

hesiveness of in vitro cellular microenvironment and for enabling accurate, quantitative measure-

ments of cellular responses in high-throughput experiments. In the context of regulating cellular

206 Kim et al.
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Figure 2

(a) A myriad of biomechanical cues (e.g., substrate stiffness, cell stretch, shear stress, topographic cues) in the microenvironment
regulate cell signaling and function. Many cell activities that are critical for maintaining tissue homeostasis can be controlled by
mechanical interactions between cells and their extracellular matrix (ECM) adhesions that alter the mechanical force balance in the
ECM, cell, and cytoskeleton. Cells sense mechanical forces and convert such mechanical signals into biological responses by triggering
a restructuring of the cytoskeleton and intracellular signaling pathways (e.g., FAK and Src) transmitted through transmembrane
adhesion receptors (i.e., integrins) or mechanosensitive ion channels (17). The mechanotransduction pathways can be triggered to
regulate gene expression, cell contractility, and ultimately cell apoptosis, migration, proliferation, differentiation, and growth. (b) For
example, changing ECM mechanics or altering cytoskeletal tension generation through manipulating the small Rho GTPases can
regulate stem cell differentiation (13, 15). Cells also dynamically remodel ECM through protein secretion and cytoskeletal
reconfiguration, which in turn changes the set of cues cells receive from their environment (mechanical feedback) (213, 226).

microenvironments, directing cell fate, and elucidating the underlying biological mechanisms,

techniques based on microfluidics, surface patterning, and MEMS tools have been under inten-

sive development in recent years.

Several excellent reviews on mechanobiology need to be brought to the readers’ attention before

we move into further discussions (2, 7, 8, 16–19). In contrast to these reviews of the rapidly evolving

field, our article focuses on bioengineered tools particularly enabled by microscale technologies

for studying cell mechanobiology (see Figure 3). We first discuss traditional microengineered

techniques, followed by a review of MEMS-based tools used to apply localized forces to single cells

or to measure forces exerted by the cell. Then we discuss how microfabrication-based approaches

can be used to create in vivo–like biomechanical stimuli in in vitro experimental settings. We also

highlight emerging opportunities and challenges.

2. MICROMANIPULATION TECHNIQUES
FOR CELL MECHANOBIOLOGY

Quantitative investigations of how cells sense and respond to mechanical stress depend on tech-

niques that can apply controlled mechanical forces to living cells and simultaneously measure

changes in cellular deformation and alterations of molecular events. Micromanipulation tech-

niques using mechanical, optical, and magnetic means have been used to manipulate and measure

the mechanical properties of cells, nucleus, cell membrane, and cytoskeleton via a combined use of
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Figure 3

Schematic illustrations of microengineered techniques for characterizing and stimulating single cells for cell mechanobiology.
(a) Micropipette aspiration. (b) Laser trapping. (c) Magnetic bead measurement. (d ) Microcantilever sensor. (e) Micropost sensor array.
( f ) Electrodeformation. ( g) ECM micropatterning. (h) Micro- and nanotopographic substrate. (i ) Microfluidic shear device.
( j) Micromechanical cell stretching. (k) Substrate stiffness. Reproduced with permission from Reference 14.

molecular cell biology techniques and microscopic analysis of intracellular signaling. A number of

key traditional techniques use mechanical perturbations as a means to probe cellular components,

such as cytoskeleton and plasma membrane.

2.1. Micropipette Aspiration

To measure the mechanical properties of a single cell, the cell must be deformed in some way

by a known force or stress, and its deformations must be measured. Micropipette aspiration is

a classical technique for quantifying the mechanical properties of individual cells, such as elastic
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modulus and viscosity. The technique applies a low-magnitude, negative pressure to deform a cell,

elongating a portion of the cell into the micropipette.

A glass micropipette with an internal diameter of 1–5 µm is typically used to deform a cell.

The micropipette is moved by a micromanipulator to contact a cell. Vacuum is applied through

the micropipette to the cell. The aspiration length varies with the applied pressure. An adjustable

fluid reservoir is typically used to create fine pressure steps that are measured with a precision

pressure sensor. Cell deformation images are recorded through a camera.

Continuum models have been used to treat the cell as either a homogeneous elastic solid [e.g.,

endothelial cells (20, 21)] or a liquid surrounded by an elastic cortical shell [e.g., neutrophils (22)

and erythrocytes (23, 24)]. From experimental and modeling perspectives, cells are classified as

solid or liquid cells according to the response to a threshold/critical pressure (5). For liquid-like

cells (e.g., neutrophils), pressure above the threshold/critical value causes complete cell aspiration

into the micropipette. However, a cell exhibiting behavioral characteristics of a solid [e.g., chon-

drocyte (25), endothelial cells, and fibroblasts (26)] enters into the pipette by only a finite distance,

even when applied pressure exceeds the threshold/critical value. The application of a sufficiently

high pressure lyses the cell.

To characterize both solid-like and liquid-like cells, the applied negative pressure �P and

the resulting aspiration length L must be experimentally measured. Additionally, characterizing

liquid-like cells also requires the radius of the cell contour outside the micropipette (Rc) to be

measured. Note that the cell contour data can also be used to extract other parameters required

as input by different cell mechanics models, for example, unit vectors normal to the cell contour

(27).

Aspiration pressures are typically on the order of 1 pN µm−2
= 1 Pa for soft cells and

1 nN µm−2
= 1 kPa for stiff cells. Correspondingly, forces required to deform soft cells are

on the order of 10–100 pN and several nanonewtons for stiff cells. Key experimental factors

that determine the validity of mechanical characterization results include the accuracy of applied

pressure, the accuracy of cellular geometrical parameter measurements, and the synchronization

of applied pressure and resulting geometrical changes of the cell (particularly important for vis-

coelastic characterization) (28).

To assess experimental data and extract material parameters, the elastic model often used is

(29, 30)

�P = 2K
�A

A0

(

1

Rp

−
1

Rc

)

, (1)

where �P is the applied sucking pressure, K is the area elastic modulus (or cortical ten-

sion) with a unit of pN µm−1, A0 is the original surface area of the entire membrane, and

�A ≈ 2π Rp L(1 −
Rp

Rc
) is the outer surface area change in terms of the aspiration length L, the

radius of pipette Rp, and the radius of cell contour Rc.

The analysis for an infinite, homogeneous half-space drawn into a micropipette gives (31)

�P =
2π

3
E

L

Rp

φ, (2)

where E is the Young’s modulus for the cell, and ϕ is a constant with a typical value of 2.1. Reported

Young’s modulus values are 0.66 kPa for chondrocytes (25), 0.96 kPa for fibroblasts (26), 1.14 kPa

for endothelial cells (20), and 0.047 kPa for neutrophils (32). Note that the micropipette technique

does not take into account local stiffness variations. It is believed that a distribution of the elastic

modulus values exists across the cell.

Micropipette aspiration also permits the characterization of viscoelastic properties of liquid-

like cells by measuring the rate at which a cell flows into a micropipette in response to a stepwise
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sucking pressure. Cytoplasm viscosity is estimated by (22, 33)

η =
Rp�P

(

d L

dt

)

m

(

1 −
Rp

Rc

) , (3)

where m is a constant with a typical value of 6. Based on a linear viscoelastic model consisting

of two springs and one damper, the viscoelastic parameters were quantified for porcine aortic

endothelial cells (19, 34) and porcine aortic valve interstitial cells (28).

The micropipette aspiration technique can also be used for time-lapse studies to understand

molecular functions. For instance, this technique has been used in combination with live-cell

imaging to explore roles of contractile proteins in response to shape perturbations during cell

division (35). Responding to aspiration, the cell late in cytokinesis recruited green fluorescent

protein (GFP)-tagged myosin II to both the pipette and the furrow, providing evidence for a

mechanosensory system that directs contractile proteins to regulate cell shape during mitosis

(Figure 4a).

The extension of the technique was shown to employ two micropipettes for testing the strength

of specific ligand-receptor bindings. In Reference 36, a microbead coated with a specific antibody

was immobilized by a micropipette and was placed in contact with a cell. The second micropipette

was used to pull the cell from the coated microbead by increasing the applied pressure difference.

Thus, yield strength of the ligand-receptor interaction was determined.

2.2. Laser Trapping

The instrument known as an optical trap or laser tweezer makes use of laser beams to create a

potential well for trapping small objects within a defined region. Microparticles can be attached

to a cell membrane for applying local stretching or bending forces. The laser power required to

constrain the particle is proportional to the forces applied to the particle by the cell. Thus, the cell

can be precisely manipulated, and the stiffness of the cell can be measured. The range of forces

generated in laser traps is typically 0.1–1 nN.

Optical trapping is a popular technique for the manipulation and mechanical characterization

of suspended cells. Various live entities, such as viruses and bacteria (37, 38), red blood cells (39,

40), natural killer cells (41), and outer hair cells (42), have been studied by laser tweezers. Typically,

two microbeads are attached to a cell, with the use of adhesive ligands or antibodies to bind to

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

Figure 4

Applications of microengineered platforms in cell mechanobiology. (a) Micropipette aspiration of ameboid cells. A cell aspirated late in
cytokinesis accumulated green fluorescent protein (GFP)-myosin II to both the pipette end and the furrow. Reproduced with
permission from Reference 35. (b) Laser-tweezer traction on the bead at the upper right corner of the cell (left) caused FRET responses.
White arrow represents force direction. Reproduced with permission from Reference 62. (c) Microcantilever array. Target cells in
suspension were captured and immobilized on microcantilevers (top panel ). The cells were then cultured, and the mass of a cell on a
microcantilever was quantified via microcantilever resonance frequency shifts (bottom panel ). Reproduced with permission from
Reference 96. (d ) Microfabricated arrays of magnetic and nonmagnetic posts for applying external forces to cells and measuring cell
traction force response. Bending of an array of posts resolves forces generated at multiple locations across the cell body after magnetic
force actuation. Reproduced with permission from Reference 107. (e) Micropatterned stem cell differentiation within multicellular
structures. hMSC aggregates in a square shape (top panel ) and a three-dimensional hMSC multicellular structure (bottom panel ) were
stained for oil droplets and alkaline phosphatase after 14 days. Reproduced with permission from Reference 140. ( f ) Wound-healing
model based on nanofibrous polymers fabricated by electrospinning. Nanofibers were oriented perpendicular to the long edges of the
wound. Chemically modified nanofibers with laminin and bFGF (right) enhanced cell migration compared with untreated group (left).
Dotted white lines represent initial wound edges at 0 h. Reproduced with permission from Reference 156.
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specific receptors, in diametric opposition to each other. The microbeads serve as handles or grips

for displacing the cell membrane. One of the beads can be fixed to the surface of a glass slide, and

the relative movement of the other bead generates steady or time-varying stretching forces to the

cell. Because ligands or antibodies are coated on the surfaces of microbeads, stress applications

can be highly selective and localized. Specific subcellular structures, such as lateral movements

of membrane glycoproteins (43), neuronal growth cones (44), adhesiveness of chondrocytes (45),

intracellular elasticity of neutrophils (46), and intracellular organelle transport in giant amoebas

(47), have also been investigated using laser tweezers.

Although laser tweezers have proven effective in cell mechanobiology, long exposure of cells or

using a high-powered laser could induce unwanted harmful effects to cells. For instance, morphol-

ogy changes and decrease in deformability of cells after laser exposure have been reported (48, 49).

These unwanted effects have been suggested to result from thermal and photochemical reactions

(50, 51). Because there is a wavelength dependence of the absorption of laser, near-infrared radi-

ation is commonly used for minimizing the degree of photodamage (37). However, high photon

flux density can still cause cell damage via two-photon or multiphoton absorption mechanisms

(52). Thus, care must be taken to minimize light-induced cell damage and to properly interpret

experimental results.

There are several variations of laser tweezers. Using a weakly focused laser beam as an optical

channel, guidance and deposition of living cells can be achieved with a high spatial resolution (53).

If two nonfocused laser beams are directed opposite each other, a cell placed in between would

experience surface forces stretching along the axis defined by the beams, and the net force on the

cell would be zero. The stretching force depends on the size and type of the cell, the reflective index,

and the laser power. A device based on this principle, termed an optical stretcher, has been used to

measure the viscoelastic properties for several cell types (49). In a study reported in Reference 54,

a whole cell was stretched by dual optical tweezers. By coupling the optical stretcher system

with a microfluidic flow chamber, thousands of individual nonadherent cells were sequentially

stretched and characterized, and cytoskeletal rigidity values were correlated with cell types. In

optical stretchers, unfocused light beams are used, minimizing potential light-induced damage to

the cells, and bead attachments are not required.

Multiple laser traps can also be generated simultaneously by physically splitting the original

laser beam or by time-sharing the laser beam with a mechano-optical or acousto-optical mechanism

to deflect the laser beam (55). This technique allows various modes of stress (e.g., tensile, biaxial,

and bending) to be applied on the cell. Arrays of vertical cavity surface–emitting lasers have

also been applied for optical trapping and active manipulation of multiple cells and microbeads

simultaneously (56).

Innovation continues to refine and expand the capabilities of laser tweezers (57). For instance,

optoelectronic tweezers utilizing direct optical images to create light-addressable electrokinetic

forces were demonstrated for massively parallel manipulation of cells (58). Based on localized

surface plasmon resonance excited by polarized light, researchers have demonstrated a way to

manipulate and rotate biological cells (59). In addition, mechanical properties within live cells

can be measured by laser-tracking microrheology (LTM) (60, 61). In LTM, a probe particle

(e.g., a granule) is tracked by monitoring the forward-scattered light of a focused, low-power

laser beam with a high spatiotemporal resolution. The Brownian motion of the particle reveals

the mechanical properties of the subcellular domain or other complex viscoelastic materials to

allow measurements of local changes in cell viscoelasticity. Laser-tweezer traction on fibronectin-

coated beads tethered to a cell was used to generate a local mechanical stimulation to human

umbilical vein endothelial cells (HUVECs) (62). Combined with fluorescent resonance energy

transfer (FRET) imaging techniques, the mechano-activated signaling molecules, such as Src,
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were visualized and quantified with high temporal and spatial resolutions (Figure 4b). These

developments are significantly broadening the capabilities for light-based cell manipulation and

will continue to impact cell mechanobiology and mechanotransduction studies.

2.3. Magnetic Probes

Similar to microbeads in laser tweezers, magnetic microbeads can serve as the handle for a mag-

netic trap or tweezers (63). In the presence of a spatially varying magnetic field, the force Fmag

experienced by a magnetic particle with a magnetic moment m is Fmag = ∇(m·B). Assuming the

induced moment is parallel to the magnetic field, and the field is large enough such that the mag-

netization of the particle saturates, the force acting on the magnetic particle can be approximated

as

Fmag = MV
d B

d x
, (4)

where V and M are the volume and magnetization of the particle. Thus, the magnetic force strongly

depends on the material properties and the size of the particle. The magnetic force also depends

on the spatial magnetic field gradient, which can be generated by various configurations.

Early applications of the magnetic bead technique mostly focused on endocytosed particles

(64–66). Significant advance was made when ligand-coated (e.g., RGD) magnetic beads were used

for specificity (67). The two working modes include magnetic gradient (68) and magnetic twisting

cytometry (MTC) (69).

Magnetic fields are usually generated by movable permanent magnets (70) or by electromag-

nets (71). Electromagnets are more easily controlled and permit the generation of time-varying

force fields. A strong electric field gradient can be obtained by using a single-pole electromagnet

with a sharp tip, which generates large magnetic field gradients near the tip region. In such a

configuration, the force applied to each magnetic bead is a function of the distance between the

particle and the tip of the electromagnet. To obtain a homogeneous force field over a wide area, a

pair of electromagnets can be used to produce a constant magnetic field gradient. In terms of the

useful range of measurements, magnetic tweezers with pole pairs typically generate lower forces

in the range of 0.1–10 pN than laser traps do (0.1–1 nN). Forces up to 104 pN on a 4.5 µm particle

have also been reported in the region (10–100 µm) near the tip of a single-pole electromagnet

(68). When there is a need to control multiple directions and rotations of particles at the same

time, multiple pairs of electromagnetic poles are required.

As in laser trapping, probing specific cellular components can be achieved by using ligand-

coated magnetic beads (67, 68, 71). In particular, MTC has been successfully applied in mechan-

otransduction studies to induce local stress on specific cellular receptors (69, 72, 73). Combined

with FRET techniques, the MTC device can be further utilized to capture and quantify rapid

mechanochemical signaling activities in living cells (74). The use of MTC has several advantages.

First, magnetic tweezers can conveniently generate both linear forces and twisting torques on a

particle. Note that torques can also be induced by electro arrays (75) and laser light (76). Second,

magnetic manipulation avoids potential light-induced damage as in laser trapping. Another advan-

tage of MTC is the wide frequency range (0.001–1000 Hz) that very few techniques (e.g., optical

traps) have. Finally, magnetic tweezers also allow massive parallel simultaneous measurements of

many biological events (77). Three-dimensional (3D)-MTC has been reported where torques can

be applied in any direction for anisotropy quantification (78). Mannix et al. (79) recently demon-

strated that non-mechanotransductive signaling can be activated by applying mechanical forces to

receptor-bound magnetic nanoparticles to make the receptors cluster and crosslink.
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3. MICROELECTROMECHANICAL SYSTEMS (MEMS) TOOLS

Besides the more traditional microengineered techniques discussed in previous sections, MEMS

techniques have an increasingly strong impact on cell mechanobiology because the micrometer-

scale sizes of most mammalian cells match the feature sizes of MEMS-based tools. The size

matching permits accurate manipulation of cells and quantitative measurements of cellular re-

sponses with high spatial and temporal resolutions. Many of the cell characterization and sensing

techniques are also capable of accurately applying minute forces to single cells, permitting the

stimulation/probing of cells and the biological responses to be observed. A variety of cellular

sensing mechanisms within a cell exist whereby forces can be transduced from mechanical to

biochemical signals (i.e., mechanotransduction). We are only in the beginning of the journey to

decipher some of these pathways, and MEMS-based mechanobiology approaches are significantly

enhancing our capabilities in gaining new biological insights.

3.1. Microcantilever-Based Force Sensors

The use of atomic force microscopy (AFM) for probing living cells started in the early 1990s (80).

In AFM, a vertical microcantilever is operated to deform a cell. Based on the deflection of the

cantilever, the local stiffness of the cell is measured, and a map of cell stiffness across the cell

surface can be generated. The measurements can provide valuable insights into the cytoskeletal

structure and the effects of environmental parameters upon it. AFM is powerful for cellular and

molecular mechanics studies. For example, spatiotemporal dynamics of the interaction between

individual ligands and receptors either on isolated molecules or on cellular surfaces (81), such as

VEGFR2 (i.e., a cell-surface receptor for a vascular endothelial growth factor) (82) and integrin

α2β1 (83), have been characterized. The use of AFM for cellular and molecular characterization

has been reviewed in detail in References 84, 85.

The current major techniques, such as micropipette aspiration, optical trapping, and MTC,

discussed in the previous sections, as well as AFM, normally induce small cell deformation

(∼1-2 µm) and measure their corresponding cell force response (relatively low) in the range

of 1 pN–10 nN. However, cell deformations can be large (comparable to the undeformed size of a

cell), inducing large force response in many physiological conditions [e.g., in muscle contraction

and expansion or axonal injury (>50% strain)]. With recent advances in micro- and nanofabri-

cation techniques, new types of microcantilevers or microcantilever-based MEMS devices have

been developed to probe cell mechanical responses, such as cell stretch force response, cell in-

dentation force response, and in situ observation of the cytoskeletal components during probing,

under large deformations in the range of 1 nN to 1 µN, allowing wide applications in studying cell

mechanobiology. Galbraith et al. (86) measured traction forces generated by fibroblasts using a

microfabricated device capable of determining subcellular forces generated by individual adhesive

contacts. The device can continuously monitor forces exerted on adhesive contacts. A cell can

move over one or more of the 5904 pads, and each pad rests on a pedestal at the free end of one of

the cantilevers of various lengths that are buried beneath the surface. Yang & Saif (87) developed

a microfabricated force sensor allowing measurements of the responses of adherent fibroblasts to

stretching forces. Force responses of single cells measured before and after Cytochalasin D (a cell

permeable and potent inhibitor of actin polymerization) treatment suggest that actin filaments

account for almost all of the cell internal forces due to stretch.

The same group (88) explored the role of mechanical tension in neurotransmission, us-

ing MEMS force sensors. They found that the density of vesicles that carry neurotransmitters

dramatically increased at the neuromuscular synapse when mechanical tension was applied
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to Drosophila embryo axon. Because neurons have irregular shapes and fragile membranes

(10–1000 Pa), sensitive and quantitatively controlled devices are needed to measure the mem-

brane properties and to reveal the cellular responses to mechanical stimulations. Gopal et al.

(89) demonstrated the integration of nanoscale photonic gating with MEMS cantilever to probe

neurons during growth to investigate neuronal cell mechanics. A series of MEMS force sensors

converting microcantilever deflections into capacitance changes were developed for quantifying

mechanical changes of the zona pellucida of mouse oocytes before and after fertilization (90) as

well as for characterizing both elastic and viscoelastic properties of drug-delivery microcapsules

(91, 92). Additionally, Polydimethylsiloxane (PDMS) microcantilevers have been developed to

measure contractile forces of cardiomyocytes in real time (93, 94). Due to the low Young’s mod-

ulus of PDMS, large deformations induced by the contractile forces of cardiomyocytes were

optically measured.

A method for measuring force responses of a bovine endothelial cell attached to a substrate was

enabled by a functionalized MEMS force sensor that applied local deformation to these cells (95).

The sensor was a single-crystal silicon microcantilever beam coated with a thin layer of fibronectin.

It was brought in contact with a cell to form adhesion and then moved by a piezoactuator to

deform the cell locally. The force was transmitted from the cell adhesion sites on the substrate

to the adhesion site of the cantilever through the cytoskeleton. The interaction force between

the cell and the cantilever was optically measured from the deformation of the cantilever and its

calibrated spring constant.

An array of functionalized silicon cantilevers overhanging microfluidic channels was devised to

characterize mass of single live cells in fluids without detaching them from the surface (Figure 4c)

(96). Combined with microfluidic cell culture, this approach permits probing time-course force

response of adherent live cells in its physiological condition in a noninvasive manner as well as

provides optical observations of the same cell.

3.2. Micropost Arrays

Mechanical stress exerted at cell-substrate and cell-cell interfacial boundaries is involved in the

regulation of a variety of physiological processes. Microfabricated silicone elastomeric post arrays

have been used to measure forces exerted by single adhesion sites of a cell since at least 2001 (e.g.,

Reference 97). In this method, forces are calculated via visually measured micropost deflections,

which have a well-defined relationship with local forces, given the Young’s modulus of the polymer

used for the post array fabrication. Unlike continuous cell adhesion substrates made of compliant

materials to study traction forces generated by cells (99), isolated microposts permit researchers to

engineer compliances relevant to cells without altering surface chemistry. Deflection of indepen-

dent microposts quantitatively reports the location, direction, and magnitude of the cell-generated

force (98). The disadvantage of this technique is that the substrate has a nontrivial topology that

might affect cell adhesion and bias the measurements. For instance, it was found that for a height

above 1 µm, focal adhesions were strongly affected by the pattern (N. Balaban, unpublished data

and personal communication). The pattern was used for systematic tracking deformations to the

substrate, similarly to what has been done previously with beads in (99).

In Reference 95, micropost array–based force measurements showed that a constant stress was

applied by the cell (human foreskin fibroblast) at its various focal adhesions. Micropost arrays can

also present a strategy to independently manipulate mechanical compliance and surface chemistry

of underlying substrates to control the spatial presentation of these properties across a surface with

a high spatial resolution and to measure traction forces generated by cells at multiple locations.

These arrays can be designed to encourage cells to attach and spread across multiple posts and
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to bend the posts as the cells probe the surface (98), revealing a coordination of biochemical and

mechanical signals to regulate cell adhesion and mechanics.

Besides focal adhesions to extracellular matrix, the ability of cells to transduce mechanical sig-

nals is also governed by adherens junctions, which link adjacent cells through cadherins. Through

the use of a dense array of vertical elatomer pillars, the tops of which were coated with N-cadherin–

Fc chimaera and, for comparison, with fibronectin, forces exerted by cell-cell adhesion com-

plexes were measured and mapped (100). The results show that cells transduce mechanical stress

through cadherin contacts, producing forces similar in amplitude to those exerted at cell-matrix

adhesions.

Image-processing techniques for improving the accuracy and speed of micropost force mea-

surements were developed (101, 102). Direct and distinct relationships between cellular traction

force and cell spreading area were demonstrated for fibroblasts, endothelial cells, epithelial cells,

and smooth muscle cells (101). Additionally, PDMS micropost arrays were also used for measuring

traction forces exerted by Madin-Darby canine kidney (MDCK) epithelial cells during migration

(103) and for measuring contraction forces of myocytes (104, 105). To further scale down mi-

cropost arrays to alter stiffness and adhesive surface area, microfabrication techniques, such as

high-resolution lithography and deep reactive ion etching, can be employed to reduce micropost

spacing, to reduce the micropost diameter to the submicrometer level, and to increase the aspect

of ratio of microposts (106).

In order to separately study the cellular response to external forces applied to a cell and the

internal forces generated by the cell, magnetic microposts containing cobalt nanowires were

recently described (Figure 4d ) (107). Resolving the bending motion of the magnetic micro-

post array measures forces generated at multiple locations across the cell body after magnetic

force actuation. A step force applied by the magnetic micropost array led to an increase in lo-

cal focal adhesion size at the site of application but not at adhesion sites to nearby nonmagnetic

posts.

3.3. Microelectrode Arrays

The elastic and viscoelastic properties of cells can also be studied by cell deformation induced

by external electric fields (108, 109). When a cell is subjected to an electric field, a dipole can be

induced owing to interfacial polarization on the cell membrane. Stresses at the interfaces result

in a deforming force, depending on the electric field strength and the effective polarization of the

cells, a phenomenon called electrodeformation (110). Under small deformation, the elastic strain

of the cell along the electric field direction is estimated as (111, 112)

�L

L0
= KS E2 Re(U(ω)), (5)

where �L is the deformation of the cell, L0 is the original length of the cell, KS is a constant

representing the elastic properties of the cell, ω is the angular frequency of the AC electric field,

and U(ω) is the complex Clausius-Mossotti factor that depends on the internal structures of the

cell and is cell-type specific (110, 113).

To perform electrodeformation, an AC voltage is first applied to capture the suspended cells to

the electrode edges through dielectrophoresis (DEP) (114, 115). After the cells are trapped, various

voltages and frequencies can be applied to characterize the mechanical and electrical properties of

the cells. Under small voltages, reversible (elastic) deformations of cells are usually observed. When

a large electric field is applied, irreversible (plastic) deformation and cell membrane rupturing

occur. To measure the relaxation of a deformed cell, the electric field can be suddenly removed.
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Then cell relaxation is recorded and analyzed. Electrodeformation has been applied in mechanical

characterization of several cell types (116, 117), with red blood cells the most extensively studied

(108, 111, 112).

Traditionally, electrodeformation studies have been done using large metal electrodes and

wires. With advancements in MEMS technology, microscale electrodes and arrays with precise

dimensions can now be fabricated, which are more suitable for studying single-cell deformability

(118). Biological objects in a large range of sizes can be directly manipulated with the electrode-

formation technique by varying operation parameters (114). Because microfabrication techniques

allow device multiplexing, simultaneous analysis of cells under different experimental conditions

can be easily performed with microelectrode arrays. In addition to deformability and viscoelastic

characterization, microelectrodes have also been applied in a variety of biomechanical studies at

the cellular and molecular level.

4. MICROFABRICATION APPROACHES TO SIMULATE
BIOMECHANICAL STIMULI IN THE CELL MICROENVIRONMENT

Advanced microfabrication techniques and surface chemistry provide highly useful tools for con-

trolling the architecture and adhesiveness of a cell microenvironment and facilitating the study

of cell-substrate, cell-cell, and cell-medium interactions (119, 120). Microscale technologies hold

great promise for the creation of more in vivo–like biomechanical stimuli to live cells in in vitro

settings, allowing us to exercise a high degree of control of the biomechanical environment on the

micro and nano levels.

4.1. Extracellular Matrix Micropatterning

Cells are inherently sensitive to the local micro- and nanoscale and molecular adhesive patterns.

Micropatterning techniques have been used to control cell-substrate and cell-cell interactions

by patterning specific ECM proteins and producing functional model tissues in a 2D or a 3D

context. Current techniques for patterning ECM proteins on a substrate include microcontact

printing (120, 121), microfluidic patterning (122, 123), plasma etching-based patterning (124,

125), and stencil-based patterning (126). Micropatterned ECM islands can constrain cells to a

certain shape by culturing cells in the corresponding, confined areas. Single cells can spread over

multiple islands or can be confined to a single island, even in unnatural geometric shapes, such

as squares and triangles (127, 128). Using this technique, it has been determined that cell death

or proliferation can be controlled through constraints on the area of cell spreading, indicating

that the resulting mechanical perturbations play an important role in determining cell fate (128).

The shape of the islands can also determine planar cell polarity and directional motility in the

absence of other polarity or spatial cues [e.g., teardrop-shaped islands (129, 130)]. The capability

of patterning ECM islands on the size scale of individual focal adhesions (∼1 µm) has enabled the

investigation of specific roles of focal adhesion positioning in directional control of cell spreading

and movement through Rac activation (131). The spatial distribution of subcellular components,

such as actin, microtubules, centrisome, and Golgi apparatus, has been determined by establishing

the orientation of cell polarity in respone to the micropatterned ECM geometry (132).

Inspired by the recent findings of distinctly different gene expression in 3D cell culture versus

that in 2D culture systems (133, 134), efforts have been made in presenting extracellular cues

to living cells in a 3D context to probe cell response in 3D patterned matrices. For instance,

3D micropatterning techniques were used to control the initial 3D structure of mammary ep-

ithelial tubules in culture for branching morphogenesis (135), to modulate cell-cell interactions
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in 3D clusters regulating bovine articular chondrocyte biosynthesis (136), and to quantitatively

investigate tumor cell migration in 3D matrices (137).

Cell adhesion substrates with complex features can be combined with microfluidic devices.

Using a network of microchannels and laminar flows, for example, substrate-bound gradients of

ECM proteins can be fabricated with complex shapes over a few hundred micrometers for studies

on axonogenesis (122) and haptotaxis (i.e., directional cell movement toward regions of higher

adhesion) (138, 139). The use of fluorescently labeled molecular probes with geometrically defined

live cells could also open new vistas for probing cytoskeletal dynamics and could serve as potential

platforms for high-throughput, high-content cell-based assays (127).

Micropatterning techniques are also enabling the investigation of the correlation between tissue

geometry in 2D and 3D cultures and the functions of individual cells in a multicellular complex.

For example, mesenchymal stem cells in patterned 2D and 3D cultures formed various geometries

of tissue, including a rectangle, square, annulus or ring, ellipse, and sinusoidal bands (140). Using

these patterned stem cell cultures, it was found that cells in the high-stress regions, for instance,

at the corner of a square or at the outside of 3D blocks of cells, form osteocytes and that those in

the low-stress regions form adipocytes (Figure 4e).

4.2. Micro- and Nanotopographic Substrates

Living tissues are intricate ensembles of different cell types embedded in complex and well-defined

ECM structures with micro- and nanoscale topographical features. For instance, cells at a wound

site can come into contact with clusters of severed ECM fibrils that would be perceived by the

cells in a manner similar to their perception of 2D surfaces covered with arrays of grooves, ridges,

pores, wells, and pillars with variable features. Cancer cells have the ability to rapidly move along

tracks of collagenous matrix fibers in vivo (141). It is therefore reasonable to expect that the

functioning of many cell types can be significantly affected in vivo by topographical stimulation

from the surrounding ECM. In the pursuit of understanding the interactions between cells and

their underlying ECM topography (e.g., aligned fibrillar matrices, shape, texture), micro- and

nanotopographic substrates are being incorporated to probe cellular processes, which in turn may

enable researchers to ultimately modulate cell function with topography-controlled biomaterials

for advanced tissue engineering (142).

Recent advancement of micro- and nanofabrication techniques has led to novel in vitro cell-

culture models that mimic the in vivo cellular microenvironment with mechanical and structural

similarity. Besides conventional photolithographic techniques, various methods have been em-

ployed for the fabrication of micro- and nanotopographic substrates, such as colloidal lithography

(143), polymer demixing (144), electrospinning (145, 146), nanoimprinting (147), and capillary

force lithography (148, 149). Previous studies with smooth muscle cells (147), keratocytes (150),

epithelial cells (151), and neuronal cells (152) cultured on arrays of parallel groove or ridge pat-

terns demonstrated that polarization of cell morphology and movement is regulated by topo-

graphic guidance (or contact guidance). The aligned fibers or grooves may promote the actin

polymerization and protrusion in the parallel direction, which can result in aligned focal adhe-

sions and traction force in the same direction (19). The mechanical signal induced by contact

guidance may also cooperate with soluble factor-mediated signaling pathways to guide cellular

function.

Topographic control of cell-substrate interactions has great potential in tissue engineering

and cell-based regenerative therapies (142). For example, it was recently demonstrated that topo-

graphically treated human mesenchymal stem cells (hMSC) can produce bone mineral in vitro,

despite the absence of osteogenic supplements (153). Nanofibrous scaffolds of biodegradable
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poly(l-lactide) (PLLA) fabricated by electrospinning were employed to regulate cell and cytoskele-

ton alignment, myotube assembly, myotube striation, and myoblast proliferation (154). As a means

to mimic the size and arrangement of the ECM fibers displayed in the heart tissue, well-defined,

scalable (∼3.5 cm2), topographically nanopatterned arrays of polyethylene glycol (PEG) hydrogels

were used to produce engineered cardiac tissue constructs with tunable structural and functional

properties (D.-H. Kim and A. Levchenko, unpublished data). These results reveal that the natu-

rally occurring nanoscale ECM can be a powerful guidance cue regulating not only cell alignment

into anisotropic arrays but also the fine details of the tissue structure and function, a finding that

has implications for mechanical control of cell and tissue development and cell-based regenerative

therapies.

Current efforts in the area of biomimetic topographic definition are centered on rather sim-

plistic patterns. Cell adhesion substrates are commonly patterned with micro- and nano-ridges of

specified pitch, width, and height, whereas supporting ECM structures in living tissues and the

scaffolds that might be used for tissue engineering and engraftment are generally inhomogeneous,

with complex structures that may vary on the scale of a single cell. Because ECM forms a meshwork

of interlinked fibers or bundles of fibrils of variable local density and complexity of organization

in many tissues in vivo, microtextured substrates with variable local density and anisotropy were

recently designed and fabricated to guide the organization and migration of cells in spatially de-

sirable patterns (155). Additionally, in a study described in Reference 156, chemical modification

of PLLA nanofibers with matrix-bound growth factors (e.g., bFGF) enhanced cell migration into

a wound (Figure 4f ), suggesting synergistic effects of nanotopography and chemical signaling on

cell guidance.

Despite considerable ongoing research, the mechanisms of transduction of extracellular topo-

graphic signals into eventual biochemical and molecular responses of cells remain unclear. Better

elucidation of the underlying mechanisms through the micro- and nanoscale control of cell in-

teraction with ECM topography could open up novel strategies to manipulate cell locomotion,

matrix assembly, and cell interactions in tissue engineering applications.

4.3. Microfluidic Shear Devices

Fluid shear stress, which occurs naturally in a variety of physiological conditions, is one of the

most important mechanostimuli. Numerous cellular functions are known to be regulated by shear

stress, such as nitric oxide–dependent cell death of human neuroblastoma (157) and apoptosis of

adherent neutrophils (158). Furthermore, shear stress strengthens bacterial attachment to their

target cells (159). Bone cells, particularly osteocytes, are sensitive to shear stress (160, 161), which

is believed to be related to bone mechanical adaptation. Fluid shear stress is also known to play

an important role in the development and differentiation of various types of stem cells, including

embryonic stem cells and endothelial progenitor cells into vascular endothelial cells (162–164).

Shear stress is particularly important in the cardiovascular systems. The fluid environment

near arterial bends and branches is distinct from the laminar pulsatile environment present near

the long, straight section of the vessel wall. Geometries that mimic the in vivo vessel architectures

have been designed for investigating flow dynamics of cardiovascular systems. In general, studies

suggest that atherogenesis is associated with both temporal and spatial shear stress patterns, which

modulate gene expression in endothelial cells, growth of smooth muscle cells, as well as uptake of

lipoproteins (165–169). For instance, the physicochemical environment during the recruitment

and migration of leukocytes and monocytes can be simulated in well-controlled fluidic systems,

which allow in-depth interrogation of cell-cell interaction events. The effects of fluid shear stress

on vascular cells have been reviewed extensively (170–172).
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Conventionally, there are two major apparatus designs for generating hydrodynamic shear

stress: (a) cone-and-plate rotating chambers and (b) parallel-plate flow channels. With recent

advances in microfabrication technologies, microfluidic flow chambers with various geometries,

surface chemistries, and topographies can be fabricated. In microscale devices, the typical Reynolds

number is much less than the critical value characterizing transition into the turbulence regime

because of the small transverse length scale, which results in a high velocity gradient and thus high

viscous force (173, 174). This guarantees laminar flows for a large range of shear stresses that are

required in cell studies.

Microfluidic systems have been adopted to improve the resolution, throughput, and reliability

of mechanobiology experiments. An important advantage of microchannels over conventional

flow chambers is the ability to generate a wide range of shear stresses for the investigation of the

cellular responses, such as adhesion and cell alignment (175–178). As an example, a microfluidic

flow system can generate linear shear stress gradients with careful design of the channel geometries

(179). The parallel processing nature of microfluidic systems also facilitates the interrogation of

multiple physicochemical parameters concurrently (175, 180, 181). Both steady and time-varying

flows, especially flow patterns that mimic in vivo situations, have been studied extensively using

flow channels (182–184). Integrated with MEMS shear stress sensors, microfluidic devices are

capable of resolving spatial variations in shear stress in a 3D blood vessel bifurcation model for

small-scale hemodynamics (185, 186).

4.4. Micromechanical Stretching Devices

Cells are known to alter their physiology in response to mechanical strain generated by increased

tension in the substrate to which the cells are attached. Several tools have been designed for

mechanically stretching cells to create a variety of strain environments for cell culture. These

tools are capable of inducing uniaxial stretching, substrate bending, or in-plane substrate distention

(187). Uniaxial tension of deformable substrates (static loading or oscillatory loading) led to its

widespread use. Static loading (188) and oscillatory loading systems (189) were shown to cause

marked changes in protein and DNA synthesis by aortic smooth muscle cells. Studies that utilized

uniaxial tension systems showed that stretching of cells induced various biological responses,

including cell morphology (190), cell reorientation (191), actin cytoskeletal remodeling (192),

altered cell proliferation (193), gene expression, and protein synthesis (189, 194).

Substrate bending provides an alternative means for creating uniaxial strain (195, 196). In

addition to uniaxial strain, substrate flexure can stimulate cell cultures by uniform and cyclic biaxial

strain of the cell-culture surface (197). Compared with uniaxial stretching, biaxial stretching has

thus far been less studied, although biaxial loading conditions are common in cells within certain

tissues (e.g., the pericardium).

There are also cell stretching systems operating on the basis of out-of-plane distention. Using

static loading (198), vacuum (199), or pressure (200), a flexible substrate is deformed. The com-

mercially available Flexcell system is of the out-of-plane distention type (199). These traditional

stretching devices have been used to study the mechanical response of large numbers of cells and

tissues and have been modified to include micropatterned membranes to generate desired strain

profiles (201).

Employing precision actuators and controllers, researchers continue to develop tools to more

realistically mimic tissue/cell deformation. Smith et al. (202) investigated the ability of the in-

tegrated central nervous system to grow over considerable distances in response to continuous

mechanical tension. Using a motor system, they progressively separated two membranes and

found that the large bundles of axons readily adapted to mechanical elongation and that these
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bundles gradually consolidated into larger tracts. A uniaxial stretching device using voice coil ac-

tuators (203) demonstrated that prespecified displacement profiles can be realized precisely, and

the stretching deformation generated by the device was uniaxial, uniform, and highly reproducible.

In addition, Geddes-Klein et al. (204) reported two types of cell stretchers (uniaxial and biaxial)

that can cause differences in the response to injury mechanisms and cell fate.

Advances in microfabrication techniques permit the application of mechanical stress to sin-

gle cells or a small population of cells with enhanced control of forces and displacements. For

example, a clamp-ratchet microstructure was designed to exert mechanical tension along radial

glial processes between groups of neural stem cells to study the effect of tension on cerebral

cortex neurogenesis (205). The stretching concept was similar to the typical uniaxial stretching

method, but the MEMS device could better control tensile forces to selected groups of neurons

within a developing cortex. One can combine microtopography and mechanical stretching. Using

micropatterned elastomers, Wang et al. (206) demonstrated that cyclic stretching of HPTFs in-

creased α-smooth muscle actin (α-SMA) protein expression and affected neuronal development,

especially under physiological strain conditions. Gopalan et al. (207) found that transverse stretch

produces more significant effects than longitudinal stretch in regulating sarcomere organization,

hypertrophy, and cell-to-cell junctions. Selby & Shannon (208) demonstrated the use of a micro-

fabricated circular diaphragm in stretch experiments not only to strain epithelial sheets in culture

but also as a means for measuring the mechanical response of the epithelial sheet to the imposed

strain.

Further development is needed in spite of preliminary progress in developing microfabricated

cell-straining devices (e.g., References 208 and 209). Since microfabrication technologies permit

enhanced control of forces and displacements as well as the construction of large arrays of devices

in a batch mode, it is envisioned that microdevice arrays will be demonstrated in the near future

for mechanically straining single cells or small cell populations in a high-throughput manner.

4.5. Substrate Stiffness

Living cells are exquisitely sensitive to cell adhesion substrate mechanics, requiring appropriate

substrate stiffness to function properly. Adherent cells sense the local elasticity of their matrix by

pulling on the substrate via cytoskeleton-based contraction. These contractile forces, generated

by the cross-bridging interactions of actin and myosin filaments, are tuned by the cell to balance

the resistance provided by the substrate (210).

Cellular responses to substrate stiffness have been investigated since the 1990s (211). Despite

several open questions that require further investigations (e.g., molecular mechanisms involved

in cellular responses to matrix stiffness, which are not yet clearly understood, and of the nature

mechanochemical pathways, which is not yet completely elucidated), many interesting experi-

mental findings have been made. Several cell types, such as epithelial cells, fibroblasts, endothelial

cells, and smooth muscle cells, have been reported to sense and to respond distinctly to soft versus

stiff substrates (210). It was also found that the behavior of some cells on a soft anchoring substrate

can be used to identify important changes in more general phenotypic characteristics (e.g., the

growth of cells on soft agar gels can be used to identify cancer cells) (212).

In spite of the many tools available to manipulate the biochemical adhesiveness of substrates,

relatively few approaches have been developed to engineer substrate mechanics to investigate the

effects of the mechanical forces of cell adhesion on the regulation of cell signaling and function

(98). Experimentally, the elastic modulus of a substrate can be varied by orders of magnitude

(e.g., 1 kPa–100 kPa), often via controlling the extent of polymer cross-linking in gels, such

as polyacrylamide (PA) gels with a thin coating of covalently attached collagen or fibronectin
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(211). These ECM-cross-linked PA gels have been successfully used to reveal new findings for

appreciating the role of the ECM rigidity in differentiation (13) and tumorigenesis (213).

Leveraging microfabrication techniques, substrates exhibiting anisotropic stiffness were made

to induce directional cell growth and guide cell migration along the direction of greatest stiffness

(214). Substrates with well-controlled stiffness gradients of PA gels were also used for studying

durotaxis (i.e., the directed movement of cell motility or outgrowth either up or down a rigidity

gradient) (215). Cells exerted less tension on softer, collagen-coated gels, causing an accumulation

of cells at the stiffer substrate area.

It is now known that different cell types can best function at different matrix rigidities (216).

For instance, myotubes differentiate optimally on gels with stiffness comparable to that of normal

muscle (217). However, cells on soft gels are generally less contractile than on stiff gels, and their

adhesion strengths are not as strong. It appears as though a cell attempts to match its stiffness

with that of the underlying substrate by altering the organization of its cytoskeleton and possibly

through strain stiffening (210). Alteration of matrix mechanics activates integrins, which not

only promotes mitogenic signaling through the mitogen-activated kinases (e.g., Erk) but also cell

contractility through small G-proteins (e.g., Rho), can further increase matrix stiffness, suggesting

a positive feedback loop (213). In short, varying the substrate stiffness can clearly produce profound

effects on many cellular processes (e.g., adhesion, growth, movement, differentiation, and death)

(13, 218) as well as the progression in tumorigensis (212, 213) and will continue to be an important

piece in the tool set for cell mechanobiology.

5. TOWARD DYNAMICAL AND INTEGRATIVE BIOMECHANICAL
MICROENVIRONMENT: EMERGING OPPORTUNITIES
AND CHALLENGES

The biomechanical microenvironment of cells is indeed complex and dynamically changing. In

most of the studies performed, however, cells were exposed to spatially homogenous, constant,

predefined mechanical stimuli over time. Most of these studies also have not involved the inte-

grated presentation of multivariant mechanical stimuli. Although it is known that biochemical and

biomechanical cues are both important, the creation of varying external mechanical stimuli and

the precise mechanical manipulation of single cells are still challenging tasks. Besides the many

interesting results that were enabled by microengineered techniques, microengineering-based ap-

proaches promise even greater potential in advancing our understanding of cell mechanobiology

by providing novel tools to explore cell responses to complex micromechanical environments.

First, microengineering-based approaches are providing novel capabilities for mechanically

probing cells in response to spatially and temporally variable stimuli. Electroactive cell substrates

were designed to turn on adhesion and migration of mammalian cells on demand, thus enabling

temporal regulation (219). The technique to fabricate reconfigurable protein matrices that can

span the 100–3000 nm scale has been recently introduced (220). Such reconfigurable ECM protein

patterns are desired because the sizes of adhesion plaques fall within this spatial range, and the

dynamics of these plaques are known to vary according to the state of the cell and its surrounding

matrix. In situ multiphoton-based fabrication that allows definition of the microscopic topogra-

phies of neuronal environments can provide a means to guide the contact position of neuronal cells

(221). The method is rapid and minimally invasive to cells, creating physically and chemically in-

teractive microstructures within cell cultures, thus opening the possibility of creating well-defined

sets of synaptic interactions in a temporally and spatially controlled manner.

Second, microengineering-based approaches are leading to novel in vitro culture systems in

more biomimetic, multi-input contexts. Many of the experimental techniques discussed in this
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review can be used in combination, enabling integrative cell stimulation by multiple mechan-

ical guidance cues in a single experiment. For example, elastomeric membranes with parallel

microgrooves were used to simulate the vascular cell alignment and investigate the anisotropic

mechanical sensing by mesenchymal stem cells (222). The topographic micropattern together

with cyclic uniaxial strain produced changes in global gene expression in mesenchymal stem cells

and increased their proliferation, effects not observed when cells were perpendicularly aligned

with respect to the axis of mechanical strain. A microfluidics-based assay system integrated with

microengineered substrates will further enable the analysis of concerted cell responses to com-

posite gradients of precisely generated and aligned surface-bound ECM molecules and diffusible

guidance cues (223) or topographic guidance cues (D.-H. Kim and A. Levchenko, unpublished

data), which better mimic the complex microenvironment in vivo, under physiological conditions.

Further development of microengineered platforms will enable researchers to collect large

quantities of data for hypothesis generation, model prediction, and experimental validation by

performing a limited number of high-throughput experiments. The measurements performed

so far were commonly static, taking snapshots of bio-mechanically stimulated cells with infer-

ences about the mechanisms regulating mechanobiology at the cellular and the molecular levels.

Combining live-cell time-lapse imaging with fluorescence proteins or application of advanced

technologies such as FRET (62, 73, 224) will further enhance our capabilities of quantifying the

integrative response of cells to combinatorial biochemical and biomechanical cues by visualizing

mechanotransduction events with high spatiotemporal resolutions in live cells.

6. CONCLUDING REMARKS

Cells live in a complex microenvironment and are inherently sensitive to a myriad of biomechanical

cues as well as continuous stimulation by a temporally variable cocktail of soluble factors. Recent

evidence suggests that mechanical forces have a far greater impact on cell functions than previ-

ously deemed. With this new dimension to cellular biology come a number of unique experimental

challenges. Microengineered platforms enable single-cell stimulation and direct observation and

quantitative analysis, capabilities that are critically important to help gain a more complete assess-

ment of how cells function. Microengineering appears well poised to revolutionarily enhance the

currently extant experimental capabilities, for example, to enable researchers to sweep through a

wide range of parameters and collect large, statistically significant quantities of data, which has

not been possible with traditional techniques.

Microfabricated platforms are ideally suited to tackle the challenges at the cellular and sub-

cellular scales due to length-scale matching. In particular, in stem-cell mechanobiology, which

has direct implications in tissue engineering and cell-based regenerative therapies, engineering

approaches to control the stem cell microenvironment are employed to alter gene expression and

to regulate stem cell differentiation. Toward this end, novel tools such as arrays of microdevices

that allow analyzing responses to a wide spectrum of combinatorial stimuli (biochemical and me-

chanical) in a high-throughput manner for regulating stem cell responses and cell fate will appear

in the near future.

In summary, the development of novel experimental techniques and microengineered platforms

is crucial to gain new insights into pathways of mechanotransduction; to elucidate the relation-

ship of mechanotransduction, cell mechanical property changes, and human disease states; and

to design new modes of therapeutic intervention. These developments are still at an early stage

of application. The next few years will witness even more intense development of innovative mi-

croengineered platforms for cell mechanobiology studies that will enable intriguing new findings

in this relatively new area and will answer a multitude of questions that currently remain elusive.
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The next generation of microengineerd experimental platforms will provide capabilities for cre-

ating complex, combinatorial cell microenvironments through the use of multivariant mechanical

guidance cues in a single experiment in which single cells can experience a dynamically changing

set of mechanical and biochemical conditions.
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