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Mechanical forces are critical components of the cellular microenvironment and play a pivotal role in

driving cellular processes in vivo. Dissecting cellular responses to mechanical forces is challenging, as

even ‘‘simple’’ mechanical stimulation in vitro can cause multiple interdependent changes in the

cellular microenvironment. These stimuli include solid deformation, fluid flows, altered physical and

chemical surface features, and a complex transfer of loads between the various interacting

components of a biological culture system. The active mechanical and biochemical responses of cells

to these stimuli in generating internal forces, reorganizing cellular structures, and initiating

intracellular signals that specify cell fate and remodel the surrounding environment further

complicates cellular response to mechanical forces. Moreover, cells present a non-linear response to

combinations of mechanical forces, materials, chemicals, surface features, matrix properties and other

effectors. Microtechnology-based approaches to these challenges can yield key insights into the

mechanical nature of cellular behaviour, by decoupling stimulation parameters; enabling multimodal

control over combinations of stimuli; and increasing experimental throughput to systematically probe

cellular response. In this critical review, we briefly discuss the complexities inherent in the mechanical

stimulation of cells; survey and critically assess the applications of present microtechnologies in the

field of experimental mechanobiology; and explore opportunities and possibilities to use these tools to

obtain a deeper understanding of mechanical interactions between cells and their environment.

1. Introduction

The effects of mechanical forces on biological systems are

commonplace. Muscle development, bone remodeling, and

fibrous skin callus formation, for example, are all influenced

by external mechanical loading. These organ-level phenomena

can be traced to cellular behaviour, prompting interest in under-

standing how cells mechanically interact with their surroundings.

Mechanical forces have been identified as critical components

of the cellular microenvironment, regulating cytoskeletal

structure1 and consequently apoptosis,2 differentiation,3 adhesion,

polarity, contractility and migration,4,5 gene transfection,6

protein expression, secretion and metabolic activity.7,8 Non-

mechanical stimuli such as soluble cytokines or extracellular

matrix ligands may also affect cytoskeletal structure,9–11 there-

by altering cellular fate and function12 via an intrinsically

mechanical pathway. Hence, the cell functions as a mechanical

entity, both in terms of its behaviour in the surrounding

environment, and in being responsive to surrounding
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Insight, innovation, integration

Mechanical features of the cellular microenvironment

provide critical cues in driving cell function, and are important

parameters in designing in vitro culture models. However,

multiple complex and often-overlooked environmental

changes result from even ‘simple’ mechanical stimulation on

the macroscale, confounding such studies. In addition,

conventional systems typically lack experimental throughput

and spatial resolution necessary for certain experiments. In

this review, we highlight insights into cellular mechanobiology

that arise from exploiting microtechnology-based approaches

to mechanobiology; and assess the utility of these approaches

through defining critical feature sizes, precisely manipulating

physical cues, and increasing experimental throughput. We

further discuss future opportunities and challenges in using

these tools to obtain a deeper understanding of the mechanical

interactions between cells and their environment.
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mechanical conditions in a variety of contexts, including in

disease,13–15 development16–18 and regeneration.19

The recognition of the critical role played by mechanics in

regulating biological form and function has given rise to two

distinct areas of research: biomechanics and mechanobiology.20,21

Biomechanics is ‘‘the application of the principles of mechanics

to study living organisms and their components’’.20 Both passive

and active mechanical behaviours of the cell are highly

complex,1 reflecting9–11 and forecasting12 cell phenotype, and

may be useful markers in disease progression.22 Adhesion,

migration and contractility of cells are mechanically-oriented

processes through which cells manipulate and remodel the

environment, and are hence of critical importance in wound

healing,23 progression of certain diseases and development.13

In contrast, mechanobiology is ‘‘the application or analysis of

the role of mechanical forces in eliciting a molecular response,

leading to a quantifiable change in form and/or function’’.20,21

The importance and influence of environmental mechanics

on cell fate and function has been thoroughly established

and is the subject of multiple reviews.24–26 Mechanobiology

is a key component in pathobiology;13,27,28 development and

morphogenesis;16 and in many specialized tissues such as

bone,29 tendon,30 the heart valve,31 intervertebral disc32 and

cartilage.33,34 The ability to precisely manipulate the mechanical

microenvironment to understand the mechanisms and processes

by which mechanical forces regulate cell function requires novel

experimental approaches.

Microfabricated technologies can provide viable solutions

to some of the problems associated with understanding both

cellular biomechanics and mechanobiology. Applications of

microtechnologies in this field have prompted a few recent

reviews on the subject, focused primarily on devices designed

to characterize cellular biomechanics.35–38 In this review, we

categorically survey and assess microtechnology-based strategies

that have provided key insights in cellular mechanobiology.

Future directions in which technological development can

enhance our understanding of the cell as a mechanical entity

will also be suggested.

2. ‘Large’ issues in mechanobiology

In addition to the costs associated with animal models, the

mechanical complexity of in vivo environments makes identifying

the specific effects of a mechanical stimulus challenging. For

example, cells in the aortic heart valve leaflet undergo complex

deformation cycles as the leaflet opens and closes. Blood flow

exerts shear stresses on endothelial cells, and the transient

pressure differentials necessary to establish pumping may alter

cellular function. In addition, matrix stiffness, composition,

and cell phenotype each influence mechanical response.31

Independently manipulating these parameters is not possible

in vivo, and hence, effectively probing such complex mechanical

environments benefits from the development of in vitro culture

models.

Determining the effects of external mechanical parameters

on cell function has been achieved through the use of several

macroscale experimental approaches, which have been

reviewed in detail elsewhere.39 Briefly, a variety of commercial

and custom platforms have been developed to apply mechanical
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loads to cells and culture, through the manipulation of fluid

pressures, fluid flows and substrate deformation. Compression

chambers actuated by a displacing platen can be used to

apply hydrostatic pressures to biological samples (Fig. 1A).

Shear forces can be applied to cells cultured on glass slides

using a parallel plate flow chamber in which liquid is forced

between two closely-spaced rigid plates (Fig. 1B); or with a

cone-and-plate shear chamber, in which a rotating cone

applies uniform shear stresses to cells cultured on an under-

lying plate (Fig. 1C). Cells cultured on deformable substrates

can be mechanically stimulated by applying bending moments

to the culture substrates (Fig. 1D), or by applying in-plane

stretches (Fig. 1E and F). These methods can be extended to

cells cultured in a three-dimensional (3D) matrix and can be

applied in combination to mechanically manipulate multiple

microenvironmental parameters.

However, the ‘simple’ mechanical stimulation described in

macroscale systems is often tightly coupled to other stimula-

tion modes, making it difficult to isolate mechanosensing

mechanisms, and to attribute biological response to a specific

mechanical stimulus. Applied substrate deformations cause

movement of cells within a fluid environment, which can cause

transient changes in fluid height, creating transient reactive

normal forces and shear stresses.40 Since most cell types

require a sustaining nutrient liquid, decoupling the fluid–solid

interactions in two-dimensional (2D) systems cannot be easily

achieved (Fig. 2A). 3D culture systems can better simulate

many in vivomechanical conditions, but are also prone to exhibit

coupled mechanical behaviours. Cells cultured in mechanically

active hydrogel biomaterials experience deformation of the

surrounding matrix, complex fluid shears caused by liquid move-

ment within the hydrogel, and hydrostatic transient pressure

waves resulting from deformation of the biphasic material.41

Initially applied loads are borne by the fluid component of

the matrix. The increased pressure causes fluid flow out of

the matrix, the rate of which is dependent on fluid viscosity

and matrix porosity. As fluid leaves the system, the applied

load is transferred to the solid component of the matrix

(Fig. 2B). Moreover, load transfer between the deforming

matrix and encapsulated cells is governed by a complex

relationship between the mechanical properties of the matrix

and of the cells. Stiff cells encapsulated within a soft deforming

matrix would experience little physical deformation, but soft

cells in a stiffer matrix would undergo large strains (Fig. 2C).41

Likewise, cellular adhesion characteristics play a critical role in

transferring load,42 and these combinations of factors can

result in local deformation profiles distinctly different from

those suggested by macroscale observations. Decoupling the

effects of various modes of mechanical stimulation remains a

challenge in the design of mechanically dynamic in vitro culture

platforms.

Cellular activity itself also plays a significant role in

mechanobiological response. The cytoskeletal structure plays

an integral role in transducing external mechanical signals to

internal responses.1 Since cytoskeletal structure is strongly

influenced by mechanical and chemical factors, a defining

feature predicting cellular response is conditioning of the cyto-

skeleton. The cytoskeleton is an active structure, mechanically

interrogating the environment by exerting internally-generated

traction forces on the surrounding matrix.43 Easily deformable

microenvironments do not resist these traction forces, resulting

in low cytoskeletal tension. More rigid microenvironments

enable higher tensions within the cell, which can have an

impact on cell fate and function.3,44 Hence, it is neither

desirable nor possible to isolate the study of biomechanics

from mechanobiology, but combined studies require novel

experimental approaches. These mechanobiological systems

are made more complex in that cell-generated traction forces

deform the surrounding matrix, which can cause the activation

of matrix-immobilized mechanically sensitive reservoirs of

biochemical factors,45 altering cellular response. Moreover, cells

Fig. 1 Approaches to studying cellular mechanobiology using

conventional equipment. (A) Hydrostatic pressure applied to cultured

cells. (B, C) Flow-induced shear stress exerted on cells in (B) a parallel

plate flow chamber, and in (C) a rotating cone-and-plate shear device.

(D–F) Mechanical forces applied to cells by means of substrate

deformation via (D) out-of-plane bending of the substrate, (E) uniaxial

or biaxial in-plane deformation, and (F) in-plane deformation caused

by deforming the substrate with a loading post. Each approach can be

applied to cells encapsulated in a three-dimensional biomaterial, but

this requires careful consideration and analysis of the mechanical

stimuli arising in such a system.

Fig. 2 Complex mechanical behaviour arising from ‘simple’ mechanical

stimulation. (A) Deformation of two-dimensional cell culture substrates

results in displacement of fluid over the cell surface, creating a changing

normal force profile for mechanical stimulation with this apparatus.

(B) Compression of cells encapsulated within a porous three-dimensional

matrix exhibits biphasic deformation behaviour, in which the fluid

transiently bears the loads and applies a hydrostatic pressure to cells,

before it is squeezed out of the deforming matrix. (C) Load transfer

between cells and the matrix in three dimensions is dependent on the

mechanical properties of both the cell and the matrix. Deformation

increases for matrices stiffer than the cell itself, and vice versa.
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are sensitive to these small localized matrix deformations,46

and can sense mechanical activities of a neighboring cell from a

distance.47,48 Finally, the exquisite sensitivity of cells to small

variations in environmental mechanics49 places stringent require-

ments on experimental platforms for cellular mechanobiology.

Resolution limitations in patterning, accuracy, sensitivity,

and experimental density of macroscale technologies inherently

limit conventional mechanobiology platforms to studying

population-based phenomena using relatively coarsely-defined

mechanical stimulation parameters. For example, the most

widely used systems for mechanical stimulation of cells

through substrate deformation are a range of platforms

produced by Flexcell International Corporation,39 which are

based on a standard 6-well plate format. These systems tend to

be relatively large in size due to limitations in manufacturing

are expensive, require large quantities of expensive reagents,

and are low in throughput.

As such, deciphering the complex feedback loops that

exist between cells and the mechanical microenvironment

requires the ability to precisely manipulate mechanical stimu-

lation parameters at the colony, cellular and sub-cellular

scales, suggesting the need for technologies and approaches

characterized by precision and repeatability. Furthermore,

the interdependency and cross-talk between cell signalling

networks, and the variety of cues present in the in vivo

environment requires stimulation platforms that combine

multiple stimulation modes and mechanical cues. Given the vast

number of experimental conditions arising from systematically

manipulating multiple mechanobiological parameters, high-

throughput approaches to combinatorially manipulate the

cellular microenvironment are required to study mechano-

biological phenomena.

Microfabricated devices may be well-suited to address some

of the technical limitations of conventional equipment in

better understanding cellular mechanobiology. Control of

micrometre-scale features enables precise definition of the

microenvironment, and the ability to manipulate culture systems

at multicellular, cellular and sub-cellular scales enables studies

that would not be possible with standard experimental techni-

ques. To date, microdevices have made substantial contri-

butions to cell biology studies, particularly in the area of

cellular biomechanics, through component integration and

miniaturization; reduction in experimental complexity; improve-

ments in usability; reductions in reagent and operation costs;

and in making rapid measurements with greatly improved spatial

and force resolutions.50 While these advantages also apply to

using microfabricated systems to study cellular mechanobiology,

more specific advantages can be realized, which will be discussed

with relevant examples in the following sections.

3. ‘Small’ steps forward

Specific to studies in cellular mechanobiology, the utility of

microdevices in elucidating relevant biology has been estab-

lished in the following key functions: (1) an ability to precisely

define critical microenvironmental features; (2) precise manip-

ulation and decoupling of mechanical stimulation parameters;

and (3) possibilities for combinatorial and high-throughput

studies of multiple systematically manipulated mechanobiolo-

gical parameters.

3.1 Defining critical features

Critical mechanobiological cues can be provided by designing

the interface between culture materials and the cell itself.

Surfaces can be engineered with natural or synthetic matrix

proteins to control cell adhesion with sub-cellular resolution in

length, enabling fundamental studies of the relationships

between mechanical cell spreading area, matrix composition

and cell fate and function. Physical surface topography and

substrate mechanics are also critical components of the inter-

face between cells and environment, and play an important

role in modulating cell behaviour.

3.1.1 Spatial control of adhesion. Control of cell adhesion

area has been shown to be a critical determinant of cell

function. Selected works demonstrating the importance of

this technique in mechanobiological studies are reviewed here,

but the interested reader is directed to recent comprehensive

reviews on using micropatterning approaches to determine cell

function.51,52

In seminal works using micropatterning approaches to

confine cell spreading, Chen and coworkers demonstrated that

cell spreading area is a critical determinant between cell

proliferation and apoptosis,53 and directs differentiation of

constrained mesenchymal stem cells between adipogenic and

osteogenic lineages3 (Sidebar 1). These studies were made

possible through the ability to restrict cell attachment to

specific regions of a 2D substrate (reviewed elsewhere54,55).

Briefly, adhesive proteins can be micropatterned on a substrate

and the remaining areas are rendered non-adhesive to cell

attachment using a suitable chemical or physical method.

One of the most commonly used techniques to micropattern

protein features on a surface is microcontact printing,56,57 in

which a PDMS stamp with microfabricated features is used to

transfer patterns of proteins onto the desired substrate. Alter-

natively, a PDMS stencil can be fabricated with through-holes

at the regions to be patterned. Adhesive proteins deposited on

top of the stencil come in contact with the underlying substrate

only at specific regions. Removal of the stencil results in the

formation of a pattern of adhesive proteins or cells.58 This

method can also be used to selectively activate the surface by

plasma treatment, before subsequent deposition of the adhesive

proteins and blocking agents.59,60 Alternatively, removable

microfluidic channels can also be used to deliver adhesive

molecules to specific regions on a substrate.61

As cells adhere and increase spread area on a rigid 2D

substrate, internal cytoskeletal tension increases. Differentia-

tion of stem cells has been shown to be related to cytoskeletal

tension, as demonstrated by Ruiz et al., in which MSCs under

increased tension at the edge of patterned multicellular islands

underwent osteogenic differentiation, while those in the center

became adipocytes.62 Similarly epithelial clusters undergo a

TGF-b1 induced epithelial-to-mesenchymal transition prefer-

entially at the edges of micropatterns in regions of tension.63

More recently, pattern shape has also been identified as having

a substantial impact on how cells function, suggesting that

oriented internal tension plays a role in cellular response.
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Kilian et al. demonstrated that high-aspect ratio rectangular

patterns promoted osteogenic MSC differentiation, whereas

more rounded patterns resulted in differentiation towards an

adipocyte lineage64 (Sidebar 1). Cells patterned on square and

rectangular islands have been shown to develop increased

traction forces,64,65 demonstrating that cytoskeletal tension is

intrinsically linked to cell shape, as well as spread area. Pattern

orientation also directs other mechanical behaviours, includ-

ing lamellipodia extension66 and migration,67 as cells migrate

towards the blunt end of a tear-drop shaped pattern.68

Micropatterning techniques can also be coupled with

other fabrication paradigms to create more complex

microenvironments, including substrate-bound protein gradients69

and designing temporally-manipulated matrix environments70,71

with electrically,72,73 or photo-controllable74 adhesive surfaces.

Such approaches are promising in their ability to determine

the temporal aspect of mechanobiology, and are beginning to

be used to explore cooperative behaviour in collective

migration of epithelial sheets.73

The development of sub-cellular micropatterning techniques

hasenabledprecisecontrolovermechanicalconstraintsapplied to

cells, and has resulted in an improved understanding of how

cells integrate environmental information through the

cytoskeleton in 2D culture. Extending this technology to

three-dimensions remains to be attained with sub-cellular

control of cell adhesion and spreading within a homogenous

material, but shaped microwells have been successfully used to

manipulate cell geometries.75 Nelson and co-workers have

also developed patterned multicellular epithelial constructs

within a three-dimensional collagen matrix and studied

branching morphogenesis in regions of shape-induced stress.76

Understanding therelationshipbetweenspreadingmorphology

andcellfunctionin3Dremainstobeexplored.

3.1.2 Surface topographies. Cells are able to sense physical

topography at a number of scales: curvatures in the underlying

substrate,77 micro-scaled ridges and grooves,78 nanoscale

topographies,79 and anisotropic gradients in topography.80

The effects of physical topography have been shown to be

more influential on cell alignment and function than patterned

chemical cues,81 and have been shown to better recapitulate

in vivo cell behaviour.82,83 These substantial mechano-

biological effects on cell adhesion, alignment and migration84

have been well-established over the past 20 years,78 parti-

cularly on substrates consisting of micropatterned grooves

of varying heights and widths. Thus, the standard techniques

and methods will not be reviewed in detail here. Interested

readers are referred to a number of relevant reviews on the

subject.37,85,86 Technological development in this area remains

active however. Recently, in order to understand the temporal

effects of topographical stimulation, a PDMS platform to

produce a substrate with reconfigurable microtopographies

has been developed. Compression of a PDMS substrate results

in 550–800 nm high features, spaced B6 mm apart, and cells

repeatably switched orientations in response to the applied

topographical cues.87 Other recent studies have shown that

nanoscale topographies have a profound influence on cell

function. MSCs differentiate to osteoblasts under the influence

of nanopatterned substrates, without osteogenic components

in the nutrient media.88 Cell geometry, action potential

conduction velocity and cell-to-cell coupling in nanopatterned

cardiac tissue constructs are extraordinarily sensitive to the

underlying patterns.89 Likewise, neurons are able to sense

nanometre scaled roughness.90 Thus, both micro- and nano-

topographies can play important roles in cellular response to

the mechanical microenvironment, and can be eventually used

to manipulate migration and matrix production in tissue

engineering applications.

Though the effects of sub-cellular micro and nanotopo-

graphical features are well documented, the underlying inte-

grative mechanosensory mechanisms remain undetermined.
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As topographical features may be considered as an intermediate

between a planar 2D environment and a 3D environment, such

studiesmayhelpdeterminehowcellsintegratemechanicalresponses

differentlyin3Denvironments.

3.2 Precise control of mechanical environments

As discussed earlier in this review, independently manipulating

specific parameters in the mechanical microenvironment is

challenging. Microfabricated technologies are able to address

some of these issues, by decoupling correlated phenomena in

cell-environment interactions and by decoupling mechanical

stimuli that occur simultaneously under an applied load.

Devices demonstrated or suggested to address these concerns

are reviewed in this section, specifically in the areas of

supposedly ‘passive’ mechanical interactions, in which cells

interact with the stiffness of the surrounding environment, and

in technologies to externally apply mechanical deformation to

the cellular milieu.

3.2.1 Passive mechanical interactions. The stiffness of the

mechanical environment is a critical parameter in cell fate and

function. Polyacrylamide (PA) hydrogel systems are perhaps

the best established biomaterial substrate for this purpose, and

were first used in the 1990s to study cell locomotion and focal

adhesion formation as a function of substrate stiffness.91 In

seminal work, Engler et al. used PA gels to show that substrate

stiffness directs stem cell lineage differentiation. MSCs

differentially displayed neurogenic, myogenic and osteogenic

differentiation on substrates with modulus increasing from 0.1

to 40 kPa.92 Although PA gels are most widely used, a variety

of other biomaterial systems have been utilized for substrate

stiffness studies, including poly(ethylene) glycol (PEG),93

collagen-poloxamine94 and gelatin methacrylate.95 Cells

cultured on soft substrates tend to remain rounded up, as

the environment does not provide a strong reaction force to

cell-generated traction forces required for the cell to spread

out. Conversely, cells on stiff substrates spread well. Hence,

internal cytoskeletal tension, cell spreading area, and substrate

stiffness are tightly coupled parameters in 2D culture systems.

Substrate (two-dimensional) and matrix (three-dimensional)

stiffness is generally manipulated by means of differentially

crosslinked polymer substrates. By increasing cross-link

density, or by decreasing the spacing between polymer bonds,

hydrogel substrates can be made more rigid. However, this

also alters the number of binding sites available to cells

cultured on or in the gel, and changes gel permeability, which

may influence cell function. Though some chemical

approaches have been employed to address these issues,96

microfabricated approaches may provide alternative

decoupling techniques. When working on the length scale of

tens of microns, spacing between hydrogel surfaces and adhesive

structures can be used to modulate effective stiffness experi-

enced by cells.97,98 For example, though not ostentatiously a

‘‘microfabricated device’’, Arora et al. reported a culture

technique by which cells cultured on thick (B1 mm) collagen

gels experience lower stiffness than thin (B10 mm) gels firmly

attached to a glass coverslip.99 As is the case with the fictional

princess who is able to feel a hard pea beneath several

mattresses,98 cells ‘feel’ the stiffer substrate through the thin,

compliant hydrogel (Fig. 3A).

A conceptually similar approach has also been applied to

cells cultured on vertical microposts of different dimensions, in

which cells respond to the stiffness of the underlying cantilevers

(Fig. 3B);44 and in 3D in which microfabricated cantilevered

support structures anchor a cell-laden hydrogel (Fig. 3C).100

Contraction and remodeling of the collagen hydrogels caused

deflection in the cantilevered posts, which was monitored to

determine the forces generated by the gel. Interestingly, different

contraction forces were generated for cantilevers of different

dimensions. Hence, the altered stiffness of the supporting

cantilevers influences the effective stiffness experienced by the

cells in the hydrogel, and subsequently, cellular contraction

and remodeling forces. This approach tomanipulatingmechanical

stiffness avoids complicating factors in changing concentrations

of crosslinking agents.

Substrate stiffness studies are hampered by an inability to

distinguish internal cytoskeletal tension and cell spread area.

A novel system was recently developed by Mitrossilis et al.101

to decouple substrate stiffness from cell-generated forces. In

this system, a real-time feedback mechanism dynamically and

independently manipulates the reactive force available to the

cell and the deformation of the cell (Fig. 3D). By indepen-

dently controlling these parameters, environments of different

stiffnesses can be created on demand. Their findings demon-

strate that early response of cells is triggered by stiffness, and

not by force. This finding has been recently mirrored in three-

dimensional biomaterial culture, in which Mooney and

co-workers found that cellular differentiation in response to

3Dmatrix stiffness is independent of cell spread area.102 This is

in contrast to studies on 2D surfaces, and the mechanism

underlying these differences remains an open question.

3.2.2 Externally applied deformation. Mechanical cues

presented to cells by way of deformation of the external

environment can also be critical factors in cell regulation.

Depending on the stiffness of the surrounding matrix, cell-

generated traction forces produce large or small deflections,

which dictate cell fate and function.103 Similarly, cells sense

deformations in their surroundings caused by externally applied

deformations, and respond accordingly.25,39 Although in vivo

mechanical strain modes are quite complex, the effects and

underlying mechanisms can be studied using simplified in vitro

models. Strains can be applied to cells cultured on substrates

by uniaxial, biaxial, equibiaxial, compressive and tensile loading,

in both two- and three-dimensional materials.104 Cells are sensi-

tive to strain magnitude,105 applied strain field106 and stimulation

frequency;107 and responses to these mechanical parameters are

also modulated by other features of the microenvironment.

Commercial platforms to apply dynamic, cyclic strain to

cells cultured on a 2D surface exhibit significant strain reduction

over multiple loading cycles.108 This is likely due to material

fatigue, and engineering microfabricated substrates may address

this issue.Moraes et al.105 developed amicrofabricated array-based

bioreactor system, in which an array of circular loading posts are

vertically actuated to distend a culture diaphragm, producing an

equibiaxial uniform strain in the culture membrane (Fig. 4A–D).

This loading scheme is similar to that of commercial platforms,
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except for a significant reduction in the thickness and diameter

of the flexible culture substrates. Strains were characterized over

100 000 loading cycles, and showed no significant material

fatigue, suggesting that microfabricated polymer membranes

(o15 mm thick) may have better fatigue resistant properties

than macroscale polymers.

A second important limitation of macroscale substrate

deformation systems is that the volumetric displacements of fluid

caused by deforming the substrate with a large loading post

causes transient reactive normal forces on cell cultures, which

may influence cell function.40 In the microfabricated substrate

strain system discussed above, small displacements are required

to produce similar surface strain, due to the miniaturized dimensions

of the system. Hence, by virtue of minimized system perturbation,

undesirable mechanical effects caused by fluid-structure inter-

actions can be substantially minimized.

Moraes et al. also extended their technology to apply com-

pressive stimuli to cells in three-dimensional biomaterials, under

unconfined109 or semi-confined110 conditions (Fig. 4E and F).

Cell-laden biomaterial hydrogels were photopatterned between

vertically actuated loading posts and a rigid glass substrate.

Raising the posts applied compressive strains to the micro-

patterned hydrogel constructs. Biphasic materials such as hydro-

gels exhibit complex deformation behaviour on the macroscale.

Deformation of the solid component of the matrix causes a

transient increase in hydrostatic pressure, which equilibrates as

the liquid is forced out of the small pores in the gel. This transient

pressure wave can have a significant impact on cellular function.

On the microscale however, the increased surface area-to-volume

ratio should enable rapid normalization of hydrostatic pressure

waves, suggesting that designing microscale compression systems

can address some of the mechanical coupling problems asso-

ciated with macroscale compression systems.

3.3 Screening platforms

The inherent variability in biological systems, coupled with

the ability of the cell to integrate multiple mechanobiological

cues necessitates higher throughput screening platforms to

Fig. 3 Use of microfabricated systems to manipulate environmental stiffness. (A) Thickness of a compliant hydrogel attached to a rigid substrate

regulates effective stiffness of the substrate. (B) Similarly, cells cultured on an array of microfabricated posts experience a range of substrate stiffness by

modulating the height of the posts (source: reprinted by permission from Macmillan Publishers Ltd: (ref. 44), Copyright 2010), and cells cultured in a

collagen gel respond differently to anchoring posts of different stiffness. Measurement of post deflection (B, C) also enables characterization of

mechanical forces exerted by cells in the system (source: Legant et al. (ref. 100) Copyright 2009, National Academy of Sciences, USA). Rather than

modulate underlying substrate stiffness (D), environmental stiffness can be altered by allowing cells to attach to (E) a flexible cantilever arm, such as on

an AFM. (F) Using a dual feedback control system to maintain position of the attached plate, the reactive forces generated by the environment and the

deformation of the cell can be manipulated (source: Mitrossilis et al. (ref. 101) Copyright 2010, National Academy of Sciences, USA).
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identify combinations of parameters ideally suited for a specific

biological application. The ability to increase experimental

throughput is a common motivation for microdevice develop-

ment. This section highlights technological development

designed to increase the ability to screen mechanobiological

response against a screened parameter or combination of

parameters.

3.3.1 Fluid stresses. Fluid-related forces are a defining

component of the in vivo mechanical environment, either

through hydrostatic compression, or through shear forces

generated by interstitial fluid flow, or pulsatile or continuous

blood flow. Microfluidic devices are ideally suited to

manipulate these parameters, and various technologies have

been developed to rapidly screen for the effects of

mechanobiological forces.

Hydrostatic pressures are known to play a role in cell

biology, particularly in cartilage25 and ocular tissues.28 How-

ever, classifying hydrostatic pressure as ‘‘mechanical’’ stimulation

is somewhat contentious, as increases in pressure external to

the cell causes a corresponding increase in internal pressure,

presumably resulting in no net cell deformation. Changes in

cell function may instead be due to differences in gas solubility

at different pressures, if gas concentrations are not controlled

independently of the applied pressure. The only reported

microfabricated system designed to apply hydrostatic

pressures to cells was developed by Sim et al., who used a

single pressure source to create a range of deflections in

suspended PDMSmembranes of various diameters. The differing

deflections cause different pressures in isolated culture

chambers, enabling the high-throughput evaluation of MSC

response to a range of hydrostatic pressures.111

Fluid shear stress plays a critical role in development and

differentiation, and a large number of temporal and spatial

shear stress patterns and magnitudes exist in vivo.29,112,113 The

use of artificial microfabricated channels is a suitable

approach to mimic many such environments as the reduction

in scale enables well-controlled laminar flow in the channels.

Simple PDMS channels can be used in combination with

passive pumping,114 pressure-driven flows or syringe pumps

to apply shear to cultured cells. For example, Higgins et al.

used a single microfluidic channel to study the behaviour of

sickle-type red blood cells in a physiologically relevant

environment.115 Pressure (gravity)-driven flow was used to

drive the defective red blood cells through a channel, to study

the effects of geometric, physical, and biological factors in

vascular occlusion and rescue.

Various design considerations need to be factored into

scaling up such simple channel systems for higher-throughput

studies, and one of the key criteria is the method for driving

fluid flow through the system. External connections to devices

can often hinder scalability, and passive pumping is one

technique that does not require these external connectors. In

passive pumping, surface tension differences between droplets

of different sizes at either end of a microfluidic channel drive

fluid flow.114 Although passive pumping has not yet been used

to apply physiologically relevant shear stresses to cells, the

authors suggest that this is one possible application of the

technique,116 and may be relevant in simulating relatively slow

interstitial flow.117 Beebe and coworkers used this principle

to demonstrate an automated high-throughput microfluidic

system, in which a robotic system deposits and removes droplets

across an array of microfluidic channels.116 Syringe pump

and pressure-driven flows are harder to implement in high-

throughput systems, but serve adequately for devices designed

for relatively lower-throughput experiments. Careful design of

the microfluidic channels can be used to maintain increased

throughput while minimizing the world-to-chip interface

connection issues (connections are typical sources of device

failure). Channels with varying widths connected to a single

fluid delivery source can be used to generate a range of fluid

velocities, and hence apply shear stresses across a single

device.118 Carefully designed channels of increasing width

can be used to apply linearly increasing shear stresses across

Fig. 4 Microfabricated systems to apply physical deformation to cells on an (A–D) two-dimensional substrate, and (E–F) in a three-dimensional

matrix. (A) Schematic outline of device construction and operation under (B) rest and (C) actuated conditions. (D) Increased throughput screening

of the effects of substrate deformation magnitude on a chip (source: Moraes et al. (ref. 105), reproduced by permission of the Royal Society of

Chemistry). (E, F) Moraes et al. extended their technology to apply mechanical deformation to cells in a three-dimensional matrix by (E)

photopatterning cell-laden hydrogels into the device, and (F) applying compressive forces to the constructs (source: reprinted from ref. 109,

Copyright 2010 with permission from Elsevier).
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a single channel119 Channel bends and curves can also be used

to apply spatially distinctive shear stresses120 (Fig. 5).

More complex technologies have also been developed to

further miniaturize such systems. The development of the

microfluidic valve by the Quake121 and Mathies122 groups

enabled the large-scale integration of multiplexed microfluidic

valves on a single chip.123 Using a multi-layered PDMS micro-

fluidic system, the valves consist of a pressure control channel

which deforms thin PDMS films to block flow in fluidic channels.

The valves can be used to direct fluid flow or drive it by operating

as a peristaltic pump. Using these valves, an automated, high-

throughput microfluidic cell culture system was developed, in

which 96 culture chambers can be individually addressed.124

Such systems have not as yet been used to explicitly explore

the effects of shear stress on cultured cells, but can be used for

this purpose.

Using Quake valves still requires an undesirably large

number of world-to-chip interfaces. Takayama et al.mitigated

this limitation by using commercially available Braille displays

to deform the base of a flexible microfluidic channel.125

Pin actuation can be independently and automatically

controlled to manipulate fluid within the microchannels.

Although it is not as scalable, it is simpler to implement and

has been used to apply shear stress to endothelial cells in

culture.126

Microengineered technologies for fluid shear can also improve

functionality in several ways. In situ measurements of shear

stresses can bemade usingMEMS-based ‘hair’ sensors, incorporated

directly into the shear channels.127 Direct readouts can also be

integrated into the microfluidic devices. For example,

Tolan et al. developed an integrated luminescence detection

system in which fluorescent reagents react with erythrocyte

lysates to simultaneously monitor various biochemicals

produced by erythrocytes under shear in underlying

channels.128

3.3.2 Combinatorial and increased-throughput studies.

Microdevices enable the application of multiple modes of

mechanical stimuli to cultured cells, in order to elucidate

how combinations of factors influence cell function. A few

microfabricated systems have been developed to study the

combined effects of topographical patterning and substrate

deformation. Kurpinski et al.129 and Wang et al.130 seeded

MSCs and fibroblasts along topographically patterned

stretchable substrates, before applying uniaxial strains in a

macroscale bioreactor. Leduc and coworkers developed a

system to apply compressive strains to topographically

patterned surfaces.131 They each demonstrated that cells align

to the topographically patterned ridges, and that mechanical

stimulation influences gene expression, protein expression

and proliferation differentially dependent on the direction of

strain to the aligned patterns. Their results suggest that

preconditioning the cytoskeleton influences cellular

response to mechanical stretch. Tan et al. used a similar

Fig. 5 Microfluidic devices designed to apply shear stress to cultured cells. (A) Varying channel dimensions enables multiple shear forces

to be applied simultaneously on a single chip (source: reprinted with permission from ref. 118, Copyright 2004 American Chemical Society).

(B) Use of multiple flow channels enables higher-throughput testing of adhesion on multiple matrix protein coatings (source: Young et al.

(ref. 144), reproduced by permission of the Royal Society of Chemistry). (C) Logarithmic design used to apply a linearly increasing shear

stress along the microchannel length (source: reprinted with permission from ref. 145. Copyright 2007 American Chemical Society); and

(D) Channels with varying shear stress profiles along each channel (source: reprinted with permission from ref. 146. Copyright 2007 American

Chemical Society).
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topographical patterning approach to align cells along specific

orientations, but applied a pressure differential across circular

patterned diaphragms.132 The pressure differential caused the

diaphragm to bulge, creating non-uniform anisotropic biaxial

strains in different regions of the device. Gopalan et al.

followed a similar approach, except the diaphragms were

distended by a loading post in a manually actuated screw-type

system.133

However, each of the systems described is relatively limited in

throughput, particularly for the mechanical stretch component of

the system. To address this, Takayama and co-workers used their

Braille system to apply non-uniform substrate deformations to

cells cultured on thin films. The films were distended by the

hemispherical-headed pin, applying non-uniform strains. The

automated Braille displays enabled screening for various cyclic

loading frequencies ranging from 0.2 to 5 Hz, and differences

were found in degree of alignment of various cell types in

response to frequency and stimulation duration (Fig. 6A).107

Rather than screen for the effects of frequency, Moraes et al.

developed an approach to screen for the effects of strain magni-

tude, by developing an actuation scheme in which an array of

pneumatically driven microposts can be simultaneously actuated

to a range of heights, using a single pressure source.134 This

actuation scheme was then used in their cell stretching device to

simultaneously generate cyclic equibiaxial strains ranging from 2

to 15%, where they identified a novel time- and strain-magnitude

dependent response of for translocation of the protein b-catenin
into the nucleus of MSCs.105 Though neither of these groups

demonstrated the inclusion of topographical patterns on the

deforming substrates, both fabrication processes can be readily

modified to include this parameter.

Integrating fluid shear stresses and substrate deformation

has also been demonstrated by Leduc and coworkers, who

developed a system to utilize a pressure differential to deform

an elastomeric slab containing a microfluidic channel network.135

By manipulating the boundary conditions around the clamped

elastomeric slab, they were able to generate a variety of biaxial

strain fields. This group more recently developed a system to

apply uniaxial substrate strains, in combination with fluid

shear.136 Combining substrate deformation and fluid shear

stress can be a powerful tool in mimicking the cellular micro-

environment in model organ systems, as was recently demon-

strated by Huh et al.137 They developed a system to apply fluid

shear and biaxial substrate deformation to a porous membrane.

By tissue engineering an epithelial and endothelial cell layer

on either side of the membrane, they were able to mimic the

lung air-blood barrier under conditions simulating breathing

(Sidebar 2).

Mimicking other mechanical aspects of the respiratory

system requires other combinations of mechanical forces,

which can be produced using microfabricated systems.

Simulating surfactant disorders in the small airways of the

lung was achieved by developing an air-liquid plug generator,

which was used then to study the effects of plug propagation

and rupture on small airway epithelial cells cultured on a

porous membrane (Fig. 6B).138 Using this system, Takayama

et al. demonstrated a potential link between acoustic

crackling heard during breathing, and epithelial damage caused

by rupture of the liquid plugs. A platform to study the

combined effects of pressure and shear in the moving air–liquid

interface in combination with a mechanically deforming

substrates has also been developed by Douville et al., to

Fig. 6 Microfabricated devices designed to increase throughput or apply combinations of mechanical stimuli to cultured cells. (A) Braille display

unit to screen for the effects of deformation frequency on cells cultured in fabricated microwells (source: reprinted from ref. 107, Copyright 2008,

with permission from Elsevier). (B) Plug generator system designed to simulate acoustic crackling in the lungs by rupturing air liquid plugs in a

microchannel, thereby applying physiological shear and pressure to a cultured epithelial sheet (source: Huh et al. (ref. 147) Copyright 2007,

National Academy of Sciences, USA).
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study epithelial damage caused by surfactant disorders during

breathing.139 Each of these examples demonstrates an ability

to better simulate mechanical factors in vivo, and has resulted

in an improved understanding of cell function within that

system.

4. Conclusions

The development and use of microfabricated tools for experi-

ments in biomechanics and mechanobiology can have a

profound impact on understanding the relationship between

mechanics and cellular form and function. Increases in experi-

mental throughput and experimental simplicity can substan-

tially improve our understanding of rare cell populations, and

how these cells respond to varied parameters. Microfabrication

also allows designers to combine multiple stimulation and

measurement techniques. Sniadecki et al. linked biomechanics

and mechanobiology in developing a system designed to

measure traction forces in response to an externally applied

deformation.140 Combinatorial stimulation with a variety of

mechanical cues is also possible, and has been demonstrated to

better simulate in vivo systems.137

However, recent findings have suggested that the use of

certain microfabricated systems in studying biological cells

may have under-appreciated and substantial side effects. Beebe

and coworkers determined that PDMS, used widely in micro-

fabricated devices, sequesters small bioactive chain polymers

into the surrounding media, which are then incorporated into

the cell membrane.141,142 This suggests that alternative techniques,

such as hot embossing, to create microfluidic channels using

generally accepted materials for cell culture, such as polystyrene,

would be a more appropriate approach. Alternatively, others

have investigated using coating films of polyurethane on

PDMS materials, to provide cell adhesion sites and improve

biological compatibility.143 In general, better characterization

of the effects of microdevice materials and cell culture techniques

on biological function is needed before such techniques can be

broadly adopted into mainstream wetlabs.

There is also a substantial divide to cross in terms of

expertise. Device design, fabrication and validation require

specific and detailed skill sets, and it can often be difficult for

experts in microdevice design to thoroughly understand the

relevant biological issues, and vice versa. Devices can often be

complicated to operate in practice, and are frequently unable

to provide a reliable platform to study biological systems.

Simplifying device designs may aid in solving these issues of

usability, but more generally, bridging the gap between

microdevice engineers and cell biologists will require close

interdisciplinary collaborations, or integrative thinkers in both

areas developing tools to understand and answer specific

biological questions. The promise of such techniques is

powerful, and successful research programs integrating these

disciplines will produce new insights and advances in both.
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