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Abstract Cells establish and modulate their morphology and
mechanics through the use of structural networks whose
components range in size from a few nanometers to tens of
micrometers. Over the past two decades, an exciting suite of
sophisticated micro- and nanoscale technologies has emerged
that permits investigators to directly probe structural and
functional contributions of these components in living cells.
Here we review underlying principles and recent applications
of four such approaches: atomic force microscopy, subcellular
laser ablation, micropatterning, and microfluidics. Together,
these new tools are offering valuable insight into the
molecular basis of cell structure and mechanics and revealing
the remarkably broad influence of the mechanical microenvi-
ronment on many aspects of cell biology.
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Introduction

One of the most fundamental dogmas in modern cell
biology is that cell behavior is largely dictated by the
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types and concentrations of soluble cues in the extracel-
lular environment, such as growth factors, cytokines, and
chemotactic agents. Over the past decade, however, an
exciting new paradigm has emerged which argues that the
physical microenvironment of the cell, including the
mechanics, geometry, and three-dimensional topography
of'the extracellular matrix (ECM), can drive the cell’s behavior
in equally powerful ways. In particular, the mechanical
balance between the cell’s ability to exert contractile stresses
on the ECM and the elastic resistance of the ECM to that
deformation (i.e., ECM rigidity) has been demonstrated to
regulate a surprisingly broad range of cellular properties
including structure, motility, proliferation, and differentiation.
For example, the differentiation trajectory of mesenchymal
stem cells (MSCs) may be controlled by dictating either the
area of ECM upon which cells are allowed to spread [1] or the
rigidity of the ECM [2], and in both cases these physical
inputs from the ECM are capable of overriding the influence
of soluble differentiating agents in the medium. Moreover,
cellular responses to these cues may be intensified or blunted
by manipulating biochemical pathways that contribute to the
cell’s ability to stress the ECM; for example, medium-induced
osteogenic differentiation of MSCs may be blocked by
inhibiting Rho GTPase-dependent cell contractility [1]. While
there are many soluble factors that interact with the structural
components in mechanotransduction, in this review, we
focus on cell mechanics and structures.

Cells sense, process, and respond to mechanical cues
using an integrated set of mechanochemical systems that
includes cell adhesion receptors (e.g., integrins), focal
adhesion plaques, and cytoskeletal networks; the collective
mechanics and dynamics of these systems enable cells to
define, stabilize, and modulate their shape [3—6]. The
exquisite sensitivity of cell behavior to inputs from the
mechanical microenvironment suggests that these cues may
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be incorporated into small-scale technologies designed to
interface with cells as a means of controlling cell behavior.
In order to accomplish this effectively, it is important to
develop a quantitative, engineering-level understanding of
cellular structure and mechanics. Moreover, if we are to
precisely engineer cells to control how they respond to a
physical microenvironment presented by an inorganic
interface, we must develop an appreciation for how the
molecular-scale structural elements in a cell physically
collaborate to produce cellular-scale mechanical properties.
Forging these connections between length scales in a
quantitative fashion that can be leveraged for the design
of new technologies represents a fundamental challenge in
cellular engineering.

In this review, we discuss four technologies that are
revolutionizing the experimental understanding of the
molecular basis of cellular structure and mechanics: atomic
force microscopy (AFM), subcellular laser ablation (SLA),
micropatterning and microfluidics (Fig. 1). Although all
four technologies were originally developed for non-
biological applications (e.g., semiconductor processing),
over the past decade they rapidly have been finding their
way into mainstream experimental cell biology. While
AFM and micropatterning manipulate or probe properties
of entire cells, SLA and microfluidics both provide access
to subcellular structures and mechanics. We discuss the
operating principles of all four techniques and review key

Fig. 1 Approaches to dissecting
the molecular basis of the me-
chanics of living cells. Cellular
and molecular mechanics can be
studied through a variety of
approaches including atomic
force microscopy, laser ablation,

microfabrication, and microflu-
idics technology. Image in upper
left reproduced from Traffic
(2001) [7] with permission from
Wiley-Blackwell. Image in up-
per right reproduced from Bio-
physical Journal (2006) [32]
with permission from Biophys-
ical Society. Image in lower left
reproduced from Proceedings of
the National Academy of Sciences
of the United States of

America (2006) [57]. Image in
lower right reproduced from
Nature (2001) [61]

examples of their applications to problems in cellular
structure and mechanics.

Atomic Force Microscopy

The assembly of the cytoskeleton and ECM into three-
dimensional biopolymeric networks relies on noncovalent
interactions between the constituent macromolecules. Once
assembled, these networks develop viscoelastic properties
which enable them to resist and transmit mechanical forces.
Thus, to understand the connection between molecular and
cellular length scales in cellular mechanics, methods are
needed that are capable of characterizing the mechanical
properties of single macromolecules, subcellular macromo-
lecular assemblies, and whole cells. Atomic force micros-
copy (AFM) has emerged as a powerful tool with which to
access all of these length scales. AFM measures interaction
forces between a sample surface and a micron-scale probe
(the “tip”) affixed to a weak spring cantilever, which is
typically microfabricated from silicon or silicon nitride.
Because contrast in AFM is derived solely from the
interaction force between the tip and sample, this method
typically requires no fixation or staining—unlike electron
microscopy or immunofluorescence—and may be con-
ducted in physiological media. Thus, the method is perfectly
suited to capture dynamic processes in living systems.
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In the classical instrument design, the sample is mounted
on a tubular piezoelectric scanner which translates the
sample in the horizontal and vertical directions relative to
the tip. Interactions between the tip and sample deflect the
cantilever, whose position is tracked by a laser beam
reflected off of the back of the cantilever onto a quadrant
photodiode. Later designs affixed the cantilever to the
scanner to free the underside of the sample for inverted
optics and enable simultaneous brightfield or fluorescence
imaging. Because these tubular scanners are highly suscep-
tible to artifacts introduced by scanner creep, hysteresis and
interaxial coupling, more recent designs have utilized
piezoelectric stacks that independently control sample
motion in all three scan axes. These newer instruments
have also incorporated position sensors which enable
closed-loop feedback and precise sample localization.

To a first approximation, there are two types of data that
may be acquired from the tip-sample interaction with the
AFM: images and force measurements. These are shown in
Fig. 2 [7]. On the cellular length scale, AFM has been
employed to image superficial cytoskeletal structures in
living cells that are not easily optically accessible, including
cortical actin bundles [8, 9]. In addition to imaging
applications, the ability to obtain force measurements in
AFM has been used with great success to quantitatively
probe the mechanics of biological systems at length scales
ranging from single molecules to whole cells. In the area of
single molecule mechanics, AFM has been used to measure
both the force-dependent unfolding of ECM proteins [10]
and cell-ECM adhesion proteins [11] in an effort to
understand how these components of the mechanotrans-
duction machinery accomplish mechanochemical conver-
sions. Also, the force-measuring capabilities of AFM have
demonstrated great value for quantifying the indentational
mechanics of living cells, including cellular elasticities [12],
spatial maps of elasticity across the cell surface [13], and
transduction of indentational forces into biochemical
signals [14].

One of the more innovative recent applications of AFM
for the study of cellular mechanics is the measurement of
protrusive forces generated by growing actin networks.
This problem is of great biological interest because many
cells generate lamella and lamellipodia for migration by
polymerizing a broad, branched (dendritic) network of
F-actin against the plasma membrane at the leading edge of
the cell. Parekh et al. [15] recently attacked this problem by
nucleating a dendritic actin network from an AFM
cantilever and allowing the network to polymerize against
a solid support and deflect the cantilever. In order to
successfully perform these experiments, the authors needed
to confront a key technical challenge: the nanometer-scale
cantilever deflections associated with network polymeriza-
tion are often overwhelmed by thermal drift, which can be
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Fig. 2 Atomic Force Microscopy (AFM) imaging and force
measurement. (a) AFM may be used to obtain images of biological
structures, including living cells, by bringing a force probe into
contact with the structure and scanning its surface (contact mode).
(b) To obtain images while minimizing potentially destructive tip-
sample contacts, the AFM probe may be oscillated rather than dragged
across the surface (tapping mode). (¢) AFM may also be used to
measure tip-sample interaction forces by tracking cantilever deflection
as a function of scanner position (force curve). In this schematic
illustration of the indentation of a cell, the scanner is retracted, the AFM
tip and sample are separated, and the cantilever deflection is zero (/).
The tip-sample contact leads to cantilever deflection (2), and, eventually,
cell deformation (3). As the scanner reverses direction and pulls away
from the cell, tip-cell adhesions produce under-deflection of the
cantilever (4). Eventually, these adhesions break, once again leading to
separation of the tip and sample. Images reproduced with permission
from Traffic (2001) [7] with permission from Wiley-Blackwell
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on the order of microns on the time scale of the experiment.
To overcome this, they introduced a second “reference”
cantilever with its own laser beam, position detector, and
feedback control; they were then able to compensate for
drift by using force-feedback to compel the reference
cantilever to maintain contact with the surface. With this
system, they both passively measured network protrusive
forces and imposed defined loads on growing networks to
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measure the effect on network growth velocity, much as
one might perform a load-velocity measurement on a
macroscopic motor. These studies revealed that network
polymerization arrests at a threshold load (the so-called
“stall force”), consistent with previous optical tweezer
measurements with single actin filaments; surprisingly,
however, the growth velocity depended on the loading
history of the network and not simply the instantaneous
load, suggesting that these networks remodel to adapt to
applied loads (e.g., by recruiting additional actin filaments)
and that these remodeling events are cumulatively “stored”
in the structure of the network. In subsequent studies, these
investigators modified their approach to measure the
dynamic (oscillatory) viscoelastic properties of these grow-
ing networks, which enabled them to observe reversible
stress-softening phenomena [16].

These results are particularly exciting in light of the
parallel and independent efforts of Prass et al. [17] to
measure forces associated with cell migration in living
cells. Here, the usual tip-sample geometry was altered such
that the AFM cantilever was oriented perpendicularly to the
sample substrate, in this case a glass coverslip containing a
culture of migrating keratocytes. The cantilever was brought
in close proximity to the surface so that a cell encountering it
in the course of migration would attempt to push the
cantilever by extending a process against it, resulting in the
cantilever’s deflection. Using this approach, the authors
measured a whole-cell stall force of approximately 40 nN;
this is consistent with measurements that had been obtained
with calibrated glass microneedles in previous studies [18].

Subcellular Laser Ablation

Because AFM can only directly interrogate the exterior
surface of a living cell, it can only provide limited insight
into the mechanical properties of structures deep within the
cellular interior. Moreover, properties measured by AFM
represent the collective contributions of many different
numbers and types of cytoskeletal filaments, and dissecting
the contributions of individual filament systems is problem-
atic even with the use of highly specific cytoskeletal
inhibitors. Thus, additional technologies are needed for the
selective measurement of single cytoskeletal structures in
both deep and superficial portions of the cell; subcellular
laser ablation (SLA) has emerged as such a method. First
introduced for cell biological applications in the late 1970s
by the laboratory of Michael Berns [19-23], SLA employs a
tightly focused laser beam to irradiate and vaporize nano- to
microscale structures in living cells. Specifically, ultrashort
laser pulses (e.g., pico- to femtosecond) are focused through
a high-numerical aperture objective lens onto an intracellular
target that may be visualized by brightfield contrast
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mechanisms or fluorescence. Upon irradiation, material at
the laser focus undergoes nonlinear multiphoton absorption,
leading to optical breakdown and material destruction. The
extremely high rate of energy delivery and absorption, made
possible by the use of ultrashort laser pulses, outpaces the
rate at which heat can be passively dissipated to the
surrounding material, thereby limiting thermal damage to
surrounding structures. Thus, if the pulse energy, pulse
width, and repetition rate are chosen correctly, structures in
living cells may be selectively incised with sub-micrometer
precision without compromising the plasma membrane or
killing the cell. Indeed, it was recently demonstrated that
delivery of femtosecond laser pulses at kilohertz repetition
rates and at pulse energies ranging from 1.4 nJ to 2.3 nJ can
produce zones of photodamage as small as ~150 nm [24].

In the context of cell mechanics, SLA has been employed
extensively to probe the micromechanical properties of
actomyosin stress fiber bundles (stress fibers), the contractile
structures that anchor cells to the ECM via focal adhesions
and enable them to exert tractions on the extracellular matrix.
These tractional forces are critical to cell shape, polarity, and
motility, and there is an emerging appreciation that the
mechanical balance between tensile forces generated by the
cytoskeleton and the compressive resistance of the ECM (i.e.,
its rigidity) can profoundly influence a surprisingly wide
range of cell behaviors including migration speed, prolifera-
tion, and differentiation [2, 25-27]. While stress fibers
contain actin and a diverse variety of actin-binding proteins,
perhaps the most important contributor to stress fiber
contractility is myosin II, whose ATP-dependent motor
activity permits stress fibers to constrict the ECM, analogous
to the relationship between myosin-mediated microfilament
sliding and muscle contraction [28]. Evidence for this
contractile activity comes primarily from observations of
fluorescently-labeled stress fibers in whole cells, which have
revealed that a variety of actin-binding proteins including «-
actinin and myosin [29, 30] are periodically distributed
within the stress fiber, much like the sarcomeres of skeletal
muscle. Moreover, treatment of isolated stress fibers muscle
contractile agonists reduces the size of the periods, reflecting
contraction of the fiber [31].

In an early use of SLA to dissect intracellular structures,
Strahs and Berns [21] irradiated stress fibers visible through
phase contrast microscopy and followed their retraction and
subsequent repair over several hours. By repeating these
experiments while pharmacologically manipulating other
cytoskeletal systems, they later showed that stress fiber
recovery depended on the integrity of the microtubule
cytoskeleton, implying functional coupling between micro-
tubules and stress fibers [19]. More recently, SLA has been
used to obtain quantitative measurements of tensile loads
borne by stress fibers [32] (Fig. 3). Here, the actin
cytoskeletons of living endothelial cells were visualized
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Fig. 3 Subcellular laser ablation (SLA) of stress fibers. (a) Incision
and retraction of single stress-fibers in living cells. When a stress fiber
in this endothelial cell, which has been transfected with yellow-
fluorescence protein-tagged actin, is irradiated with a pulsed femto-
second laser, the stress fiber severs and undergoes viscoelastic
retraction. (b) Puncturing of a single stress fiber. Here, the central
portion of a large stress fiber is irradiated, leading to a puncture
wound that progressively distends as the stress fiber retracts in
response to the injury. Bar=2 pm. Images reproduced from Bio-
physical Journal (2006) [32] with permission from Biophysical
Society

using yellow fluorescent protein (YFP)-tagged actin, and
selected stress fibers at the cell-ECM interface were
irradiated and severed with femtosecond laser pulses.
Irradiated stress fibers retracted in parallel with the axis of
the fiber, providing prima facie evidence that these
structures bear tensile loads. Interestingly, the severed stress
fibers obeyed viscoelastic retraction dynamics, with a rapid,
elastic recoil over the first 3 to 5 sec, followed by a slow,
viscous relaxation over the next 5 tol0 sec, analogous to a
creep response. When larger stress fibers were irradiated, it
was sometimes possible to create a puncture wound rather
than an incision, yielding holes with diameters as small as
300 nm that distended into elliptical shapes as the
weakened stress fiber relaxed in response to the injury.
These puncture-wound experiments also served to directly
confirm that SLA can ablate structures with submicron
precision in living cells without functionally damaging
structures outside of the zone of irradiation. Perhaps the

most surprising result to emerge from this study was that
the degree to which incision of one stress fiber influenced
the cytoskeletal architecture and shape of the rest of the cell
depended strongly on the compliance of the ECM on which
cells were cultured. For cells cultured on rigid substrates
with elasticities on the order of 1 MPa - 1 GPa (e.g., glass),
severing a single stress fiber, or even multiple fibers in
parallel, did not lead to appreciable cell shape changes. In
other words, there was little apparent mechanical coupling
between any given stress fiber and other fibers in the cell.
Conversely, severing a stress fiber in cells cultured on
relatively compliant (~4 kPa) polyacrylamide-based sub-
strates produced a 4-5% eclongation of the cell along the
axis of the stress fiber, as well as thinning and extension of
cytoskeletal structures tens of microns from the site of
incision. Parallel studies with traction force microscopy,
which enables measurement of cell-ECM tractional stresses
and strains by following displacements of fiduciary markers
embedded within the ECM substrate, revealed that a single
stress fiber contributes to ECM strain across nearly the
entire cell-ECM interface and strains the ECM most
strongly near the points at which it inserts into focal
adhesions. Thus, SLA illustrated direct connections between
individual micron-scale cellular contractile structures and the
tractional forces distributed over hundreds of square microns.

In addition to stress fibers, SLA has also permitted
glimpses into the micromechanical and transport properties
of microtubules. In particular, SLA has been employed to
target components of the mitotic spindle in dividing cells to
investigate how tensile and compressive loads are borne by
astral and kinetochore microtubules [33, 34]. This method
has also been applied to cortical (cytoplasmic) micro-
tubules; for example, Botvinick et al. [35] photodisrupted
cytoplasmic microtubules tagged with a series of GFP
variants, including YFP and cyan fluorescent protein
(CFP). Following microtubule incision, one of the severed
ends depolymerized much more rapidly than the other, as
would be expected for newly bared plus and minus ends.
Surprisingly, electron microscopy of the ablated micro-
tubules demonstrated that the extent of damage was largely
dependent on the choice of fluorescent tag, which the
authors attributed to amino acid sequence-dependent differ-
ences in fluorophore photochemistry. Microtubules have
been postulated to contribute to cell shape and mechanics
by supporting compressive loads [36]. To directly visualize
relaxation of these compressive forces, a femtosecond laser
was used to sever a curved GFP-tagged microtubule in
living cells. Following irradiation, the curved microtubule
rapidly straightened within 1 to 2 sec, and then depoly-
merized as would be expected for a compressively-loaded
filament [24].

Finally, SLA has been used to investigate the role of
local tensile forces on the turnover of focal adhesion
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proteins in an effort to identify molecules whose biophys-
ical properties are sensitive to the mechanical microenvi-
ronment [37]. In these studies, fluorescence recovery after
photobleaching (FRAP) was used to measure the unbinding
kinetics of GFP-tagged zyxin and vinculin within focal
adhesions. When intracellular contractility was globally
dissipated by treating cells with an inhibitor of Rho-
associated kinase (Y-27632), the off-rate of zyxin more
than doubled, whereas the off-rate of vinculin remained
constant, suggesting that zyxin is sensitive to cytoskeletal
tension in ways that vinculin is not. To directly confirm that
the observed acceleration of zyxin kinetics was due to
mechanical tension, SLA was used to sever a stress fiber
associated with a specific focal adhesion prior to acquiring
FRAP data on that adhesion. Indeed, zyxin turnover was
found to be significantly faster in focal adhesions mechan-
ically unloaded with SLA than in untreated focal adhesions.
Similar results were obtained when intracellular tension
was globally relaxed by culturing cells on increasingly
compliant ECM substrates.

Micropatterning

Microfabrication is a field that has contributed to a wide
variety of scientific areas including optics, chemical synthe-
sis, and cellular and molecular control. In the field of cell
mechanics, microfabrication technology has created ave-
nues for studies such as controlling localized ECM-cell
interactions that were often unapproachable before. One
major advantage of microtechnology is that the size scale of
the fabrication processes and the size scale of the system
being studied (i.e., the cell) are approximately the same.
Microfabrication can generate devices that range in size
from the submicrometer scale to those measuring in the tens
of micrometers, corresponding well to the size of single
cells, which are often tens of micrometers. Not only is the
size scale similar, but many of the materials that are used in
microfabrication are naturally compatible or can be modi-
fied to be compatible with aqueous cell culture conditions.
This has enabled an explosion of microfabrication
approaches for cells and molecules. While a wide range
of applications for fabrication and biology exists, one
particular area that has garnered increasing attention is the
study of cell mechanics including cell deformation, struc-
tural organization, and extracellular manipulation [38—41].
The findings of a selection of these approaches are
described in detail below with respect to merging micro-
fabrication and cell mechanics. We will first, though,
discuss the process of microfabrication that enables such
technologies to be produced.

Microfabrication is a technique that is used to produce
many products including integrated circuits and biological
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sensors. One major tenet of this approach is to use planar
masks to create detailed structures and then build up larger
components by repeating this approach over multiple layers.
Hard lithography, which is used to fabricate computer chips,
uses this layer-by-layer process to create the final config-
uration. Soft lithography is a complementary process that is
an extension of hard lithography, where the final configu-
ration of the form serves as a mold to make a reverse-form
system. Polymers such as polydimethylsiloxane (PDMS)
are poured on the mold and solidified to create this reverse
configuration. Although there have been many advances in
this generalized approach including techniques such as
microcontact printing, capillary lithography [42, 43], and
nanoimprint lithography [44-46], a significant number of
these approaches use the core approach of utilizing masks.

One example of merging microfabrication and biology,
which is described below, is in creating a stamp for patterning
proteins. While this is just one example, many of the
microfabrication processes have similar general approaches.
Microfabrication and stamping have been combined in a wide
variety of applications from the patterning of cells and
proteins to colloidal assembly [47-51]. This process is shown
in Fig. 4. In this process, a silicon chip is first coated with

Develop Exposed
Photoresist

!

Generate
Pattern for
Photomask

Spin Photoresist on
Silicon Wafer
Photoresist

Silicon

PDMS

Expose Photoresist
Through Mask

uv

—
PDMS

B

Fig. 4 The microfabrication process for soft lithography. A mask is
generated using techniques such as high-resolution printing. Then,
photoresist is spun in a thin layer onto a silicon wafer and heated to
solidify the resist. The mask is placed on top of the photoresist, and
then the system is exposed to ultraviolet light. The mask is then
removed and the photoresist is developed, removing the areas which
were not shielded from the light. Liquid polydimethylsiloxane is
poured onto the fabricated features. The polymer is heated to generate
a solid, flexible slab which is then peeled from the mold, creating a
reverse-template of the system made entirely of the polymer. Adapted
from Singhvi et al. [48]
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photoresist using a spin coater. The rotational speed of the
chip and the properties of the photoresist define the thickness
of the photoresist layer (usually in the micrometer range) and
ensure an even distribution of photoresist over the chip
surface. The photoresist reacts to illumination sources such
as ultraviolet light and will then either cross-link (negative
photoresist) or destabilize (positive photoresist). A mask is
used to transfer a pattern onto the photoresist through
blocking or by allowing the illumination source to react the
photoresist on the surface of the wafer. The mask can be
designed in many ways, such as with mask writers, for high-
resolution features. An inexpensive alternative is to utilize a
high-resolution printer, which can create a transparency with
printed features (usually black) provided the resolution of the
features is above ~20 micrometers. This mask is then placed
in close contact with the photoresist on the top of the chip.
This system is exposed to UV light which enables the
photoresist to react. The areas where the black print is
positioned will effectively block light and will not react. The
mask will then be removed, and the wafer will be submerged
in a photoresist developer and rinsed. In the case of positive
photoresist, the resulting features will be the opposite of the
exposed areas since the UV exposed areas will now be
absent. This part of the process will create the “mold” with
features on the silicon wafer. After this point, the mold is
used to create multiple copies of the reversed system. One
way to approach this is through the use of a polymer such as
PDMS. PDMS (Sylgard 184) is a two-part polymer that is
mixed at a 10:1 ratio of base to curing agent while in a liquid
form. This mixture is then poured onto the top of the mold.
The polymer is subsequently heated and will cure into a
solid, yet flexible, material. The polymer can then be peeled
off of the wafer, resulting in an inverse mold. The specific
details of these protocols can be found in multiple
publications [52-54]. One significant advantage of this
process is that the creation of the new polymer forms can
be repeatedly accomplished after the initial mold has been
fabricated within a short time frame of less than 2 h for each
form. The final result of the process described above is a
polymer system with embedded features; these can be useful
in a range of applications. A few selected examples are
discussed below. Note that this approach can also be used for
developing microfluidic devices, which will be discussed in
the final section.

Microfabrication techniques have been used to facilitate
the examination of questions germane to cellular and
molecular mechanics that may not be answerable by other
previously established means. These techniques have been
used, for example, to fabricate a bed of microneedle-like
posts to measure the response of single cells from a
mechanical perspective [55]. The microfabricated structures
were columns whose deflection could be determined by
using beam bending equations and knowing the geometry

and compliance of the system. Cells were cultured on the
tops of the posts and allowed to spread over them to
connect the microfabricated structures to the cell through
their focal adhesion complexes. The cells that exerted force
on the independently moving posts could be imaged, and
their subcellular tractions could be determined. The ability
for cells to attach and spread on these microposts was
further controlled chemically through serum, lysophospha-
ticlic acid, and the expression of constitutively active
RhoA. One of the significant cellular mechanics findings
was that the force increased with the size for adhesions
larger than 1 pm”. These studies demonstrated that
coordinated signaling occurred between biochemistry and
mechanics in cell adhesion and structural response. Thus,
this fabrication approach allowed for the design of scientific
studies that could be used to understand cellular mechanics.

Another example that leveraged the unique advantages
of microfabrication focused on measuring subcellular
displacements through flexible substrates. This was accom-
plished while controlling the location and geometric
spreading of cells [56]. In this study, quantification of
cellular traction forces was undertaken through the use of
adhesive islands of variously defined size and shape. These
islands were located on the surface of a polymer gel that
contained embedded fluorescent beads that acted as fiducial
markers. Smooth muscles cells were seeded onto geomet-
rically constrained regions (2,500 pum? squares and 25 or
50 um diameter circles), and were subsequently cultured on
the gels. This geometry control was accomplished through
the use of a thin membrane pierced with microholes
corresponding to the geometry of interest that was placed
on the top of the flexible gels. Collagen was then used to
coat the top of this system so that position of the actual
ECM only occurred only in the areas where the microholes
were located. After the cells assumed the shape of the
patterned islands, the displacements of the microbeads were
tracked to create a map of the traction forces exerted by the
individual cells. The cells that spread on the square islands
exhibited traction forces at their corners in both the absence
and presence of the contractile agent histamine. The cells
on the round islands did not have tractions directed in any
particular direction, although strong tractions were found in
the direction of the protrusions. This microfabricated system
enabled a real-time approach for examining mechanical
forces within living cells in both constrained and uncon-
strained environments.

Although a multitude of papers have been published to
describe other technologies in the general area of micro-
fabrication, we present one more example, namely the use
of microfabricated channels to examine the response of
mesenchymal stem cells to mechanical stimulation as
shown in Fig. 5 [57]. The goal of this work was to examine
mesenchymal stem cells with respect to the engineering of
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Fig. 5 Using microfabricated polymer structures to investigate stem cell mechanical response. (a) Mesenchymal stem cells are cultured on top of
long thin grooves that are microfabricated on a polymer slab for applying mechanical strain. (b) The physical constraints of these microfabricated
grooves induce the cells to align themselves in the direction of the grooves. The cells are then mechanically stimulated by applying a strain on the
polymer substrate. The subsequent mechanical response of the cells can be observed and compared to the normal alignment of the attached cells

through this approach. Adapted from Kurpinski et al. [57]

new tissues. The manner by which mechanical forces
actually cause changes in the genetics of these cells is a
subject of intense debate. In order to examine this, the
authors microfabricated long, thin grooves for cell culture
using soft lithography. The authors found that cells aligned
on these grooves, and then independently aligned in the
direction of a cyclic, uniaxial, mechanical strain. Further-
more, when the cells were mechanically stimulated with the
grooves aligned parallel to the cyclic mechanical strain, the
cells revealed an increase in calponin 1, a decrease in
cartilage matrix markers, and an increase in proliferation.
However, when the cells were cultured on grooves
perpendicular to the strain, these biochemical changes were
significantly decreased. Thus, using these microfabricated
structures helped determine the effects of mechanical strain
on stem cell responses with respect to the direction of the
strain and resultant cellular orientation.

Microfluidics

Microfabrication technology has enabled many different
fields to proceed in novel directions, but one specific
technology in this domain can control fluid flow related to
cellular and molecular response; this field is microfluidics.
Microfluidics can enable researchers in cellular and molec-
ular mechanics to specifically control components related to
cell structure and mechanics including the cytoskeleton and
extracellular matrix as described below. Microfluidic devices
can be fabricated using the same approach as described
previously, yet this technology presents researchers with
control over an aqueous environment suitable for studying
cells and molecules. Microfluidics enables spatiotemporal
control over the chemical milieu of living cells by exploiting
the unique properties and characteristics of low Reynolds
number flow. While the ability to use microfluidics to
impose mechanical forces on cells is limited due to the size
of the fluidic channels (i.e., the shear force on a single
attached cell in a microfluidics channel is often less than 1
dyne/cm’, and physiological shear is in the range of 15
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dynes/cm?), cell structure, which has been discussed previ-
ously and is critical in cellular and molecular mechanics, can
be significantly affected though using structural modifying
agents. As the cytoskeleton is a filament system that can be
affected by biochemical manipulations, a microfluidic device
that can control both the time and space location of such
stimulation can enable novel approaches to answer challeng-
ing scientific questions that were unapproachable before the
development of this technology. For example, if local
domains of a single cell have their structure modified
through chemicals such as cytochalasin-D, which depoly-
merizes the actin cytoskeleton, the mechanical response of
that cell will be significantly altered. This type of local
manipulation can be accomplished through the use of
microfluidic systems and is described in more detail below.
Not only can the internal environment of the cell be altered
with microfluidic systems, the extracellular environment can
be controlled as well. This can have a significant impact on
the response of the cell and its structure, as the cell attaches
to substrates and the ECM through the heterocomplex of
linked proteins within the focal adhesion complex as
discussed previously. While it has been shown that the focal
adhesion complex is linked through transmembrane proteins
called integrins, there is recent evidence of the involvement
of other transmembrane proteins that link the extracellular
matrix to the intracellular cytoskeleton such as syndecan-4.
Microfluidics is poised to become one uniquely useful
approach for examining the structural and chemical features
of these linking proteins as they provide mechanical stability
to adherent cells.

To build microfluidic devices, an approach similar to the
previously described microfabrication process can be used
employing silicon wafers, masks, photoresists, and PDMS.
However, the final polymer device in this system has a
specific configuration that must be formed for the micro-
fluidics device. One possible configuration would be to
have intersecting channels molded into the top of a PDMS
slab in a Y-shaped form, where two inlet streams converge
into one central outlet stream. A similar system with three
inlet streams is shown in Fig. 6(a). After the intersection
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configuration is fabricated, the PDMS slab must have holes
created at the end of each channel with a cylindrical punch
for the addition and removal of liquids. The PDMS slab
would then be inverted and brought into contact with a
clean glass coverslide; the two surfaces naturally adhere
together, but also could be induced to do so via plasma
oxidation or heating, which would more strongly bind the
two surfaces together. Closed channels are now formed with
the bottom of the channel being the transparent glass. Fluid
is introduced into the two inlets and removed through the
outlet by pipetting solutions into the punched holes at the
end of the channels. To control flow speed through this
fluidic system, gravitational height differences can be
utilized as additional fluid is pipetted in, the difference in
fluid height between the inlet and outlet will cause an
increased flow toward the outlet to equalize the liquid
heights. Cells can be cultured in the microfluidic channels
using approaches similar to those already developed in
biological studies for culturing on glass surfaces such as
coating the glass with extracellular matrix (e.g., fibronectin).
One significant advantage of the glass bottom is that the
processes occurring inside the channels can be visualized at
high resolution on a conventional inverted optical micro-
scope. Thus, the common tools for imaging analyses (e.g.,
green fluorescent protein, cell motility tracking, and quantum
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dots) can also be implemented with the microfluidics system.
Note that the use of a microfluidic device designed to
converge multiple streams into one main channel would not
cause any mixing at the point of the converging streams
other than that resulting from diffusion along the length of
the main channel. As the streams are usually continuously
flowing, their interfaces are in contact for only a minimal
amount of time, and the opportunity for diffusion is limited.
This lack of mixing is attributable to the low Reynolds
laminar flow, as the dimensions of the channels are small
(usually less than 100 micrometers) and the flow rate is slow
(usually less than 100 pwm/second). Using this microfluidics
approach, the actin cytoskeleton has been altered at
subcellular domains, which is observed through monitoring
the displacements of the nucleus and mitochondria within a
single living cell [Fig. 6(b)]. More specific details and
protocols for creating microfluidics can be found in other
published manuscripts [58, 59]. A few selected and specific
examples of applications that are enabled by microfluidic
technology are explained in the ensuing paragraphs.
Microfluidics have been used in a number of applica-
tions for controlling cellular and molecular responses. The
ability to have spatiotemporal control over the internal and
external environments of cells is essential to understand
behaviors including mechanical response. Three examples

Cover-slip

Fig. 6 Using microfluidic devices to control the stimulation of subcellular domains. (a) A three-channel inlet microfluidic device is used to stimulate
local domains of a single cell. The microfluidic device is made through a conventional microfabrication process. The polydimethylsiloxane slab is
placed on top of a no. 1 borosilicate coverslip so that the cells can be viewed with conventional high-resolution optical microscopy. After coating the
channels of the device with an extracellular matrix such as fibronectin, the cells are flowed into the channels. (b) Streams are then introduced into
each of the inlets which do not mix when they intersect due to the low Reynolds number laminar flow. These streams subsequently interact with and
stimulate the cells in their local domains. The microfluidic device can be used to disrupt actin filaments within local domains of a single cell using
latrunculin A. The mitochondria and the nucleus, which are observed here as fiducial markers within a cell, displace in response to local alteration of
the cytoskeleton (¢) before and (d) after treatment with latrunculin A. Bar=25 pum. Adapted from Takayama et al. [61]
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are presented here that demonstrate the advantages of
microfluidics in spatially and temporally governed studies
at the cellular and molecular levels. The first example uses
microfluidics to control the internal chemical environment
at subcellular domains [60, 61]. This ability is enabled by
the microfluidic devices themselves, which limit mixing
laminar flow and allow for fluid streams to be separated
with control over the spatial position of the streams down to
the single micrometer scale. This degree of control is
congruent in scale to that of many cells, which can be tens
of micrometers in diameter when attached and spread on
surfaces such as the glass bottom of a microfluidic device.
In this work, a three-inlet stream microfluidic system was
used to present membrane-permeable molecules to specific
subcellular domains of living cells. This PARTCELL
(Partial treatment of cells using laminar flows) microfluidic
system was also able to visualize the cells through the thin
glass coverslip at the bottom of the channels. One of the
scientific avenues pursued was the internal structural
alteration of cellular environment. As the internal structure
directly affects the mechanical responses of these biological
systems, this process allows researchers to ask questions
that were previously unapproachable. This approach pro-
vided the advantage of tracking the mitochondria while the
PARTCELL delivered cytoskeleton depolymerization
agents to localized portions of a single cell. The mitochon-
dria, which provided fiducial marker points inside the cell
and also are known to be associated with the cytoskeleton

(a)

of the cell, were tracked as they moved in response to the
alterations in the structure of the living cells. The ability to
deliver chemicals to cells is allowing studies to be
conducted at a subcellular level, a significant advancement
from the whole-cell or multi-cell experiments that domi-
nates previous research.

Another example is a microfluidic system that controls the
movement of cells by delivering chemicals to induce directed
cell motility [62]. Cell motility along surfaces is governed by
mechanical and structural components and this device helps
to enable examinations of chemotaxis. Neutrophils were
induced into a chemotactic response (directed cell motility)
using the microfluidic devices, which were able to create
complex gradients of interleukin-8. The cells attached and
spread on the bottom surface of the glass channel where they
were subsequently exposed to gradients of interleukin-8. The
array of gradients included an approximate step gradient
(a change in concentration, i.e., presence or absence, of
interleukin-8) as well as a hill gradient (a gradual slope of
decreasing or increasing concentration of interleukin-8). The
resulting cell movement was abrogated for the step function
when the cells reached the gradient transition area. However,
for the hill gradient, the cells continued to move toward the
higher concentration, managing to progress beyond the
highest concentration in the gradient before reversing
direction. The ability to create and maintain these chemical
cues for chemotactic studies through microfluidic devices
has enabled novel scientific questions to be explored.
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Fig. 7 A pressure-regulated automated-feedback microfluidic system. (a) A serpentine microfluidic system is regulated by a custom fabricated
closed-loop pressure control system. (b) The pressure at each inlet is controlled via a motorized stage with continual feedback monitoring of
pressure levels. This provides a very significant advantage over conventional syringe pump systems, which typically have little or no feedback
controls. This provides the ability to position the interface through a computer-control system for short time switching (less than 0.1 sec) or long
duration experiments without the need for constant monitoring of the system. (¢) The serpentine channels intersect to create a laminar flow
interface and (d) are centimeters in length while being micrometers in height and width. Adapted from Kuczenski et al. [63]. Reproduced by
permission of The Royal Society of Chemistry
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Although there are many other examples of microfluidic
approaches in terms of cell structure and mechanics, one
advance that has recently been made is the ability to
provide fast switching and external long term control of the
interface position of the chemical streams. This was
achieved through the construction of an automated-control
pressure-feedback microfluidic system (Fig. 7) that enables
both short duration (e.g., short switching of subcellular
chemical stimulation) and long duration experiments
without any need for continuous monitoring of the micro-
fluidic system. This advance in technology can be directly
applied to many existing microfluidic approaches, includ-
ing the two previous examples. Historically, hydrostatically
driven flows controlled by fluid column heights presented
challenges for fast and high precision movement of the
interface. Furthermore, commercial syringe pumps used in
volumetric displacement-driven flows had discontinuities in
their position due to the innate characteristics of stepper
motors. In our experiments, we designed and employed a
serpentine microfluidic channel governed by an automated-
pressure control-feedback system [63]. The interface posi-
tion of the two intersecting laminar streams could be
dynamically adjusted with a response time below 0.1-sec
results indicative of speed and accuracy of control
previously unattainable at the interface position. This has
significant implications for experiments in the biological
domain on short time scales (e.g., calcium signaling) and
long time scales (e.g., differentiation).

Conclusions and Future Work

The field of cellular and molecular mechanics is a rapidly
expanding area that is constantly reinventing itself. An
understanding of the interrelationships of the cytoskeleton,
the focal adhesion complexes, and the extracellular matrix
is of critical importance in understanding molecular,
cellular, and mechanical response perspectives, and is vital
to promoting advances on the fronts of this multifaceted
field of study. One of the exciting directions being pursued
in this area is the development of novel technologies to
pursue questions that are unapproachable using conven-
tional techniques. We have briefly discussed four major
areas that can be used in exploring these biological
questions, each of which has distinct advantages. The
AFM is an excellent tool for imposing specific mechanical
force as well as mapping the structural response of single
cells and molecules. Laser ablation is an approach that can
be used to alter the internal environment of living cells at
highly precise small volume areas, which can help parse out
the importance of structural elements in cells. Micro-
fabrication techniques enable researchers to probe mechan-
ics questions such as traction forces and the effects of these

forces on cell fates such as the proliferation rate. Finally,
microfluidics can be used to alter the internal structure and
extracellular interactions of cells, which can dictate the
array of possible cellular responses in a variety of cell types
from endothelial cells to neurons. Future directions in the
area of cellular and molecular mechanics will continue to
involve new technologies that will interface with biological
systems. Our understanding of mechanics fostered by such
applications will be furthered by examining these discov-
eries with respect to new perspectives as well. One might,
for example, choose to pursue these studies while evaluat-
ing the cells in terms of materials science and polymer
physics research. One of these complementary research
areas that is currently gaining increasing interest is the
concept of examining cellular functions as living smart
materials. While materials such as shape memory alloys
and polymers adapt to external stimulation in a directed
manner, the cell also has the ability to respond to diverse
stimulations, including mechanics, through structural and
chemical adaptations in directed, yet often in unexpected or
unexplored, ways. These adaptations can have many charac-
teristics of robust systems, but are inherent within the system
(i.e., the cell) rather than having to be manufactured into the
final product (i.e., the material). This opens new possibilities
to apply biomimetic approaches at the cellular and molecular
scales, and builds upon previously successful larger scale
biomimetic system approaches that have been used, for
example, with gecko feet. These new approaches and
perspectives will continue to expand the field of cellular and
molecular mechanics in exciting and novel directions. The key
is to use mechanics as one of the major foundations for
exploring the living and adaptable characteristics of the cell.

Acknowledgement S. K. acknowledges the generous support of the
Arnold and Mabel Beckman Foundation and the University of
California.

References

1. McBeath R, Pirone DM, Nelson CM, Bahadiraju K, Chen CS
(2004) Cell shape, cytoskeletal tension, and RhoA regulate stem
cell lineage commitment. Dev Cell 6:483—495.

2. Engler AJ, Sen S, Sweeney HL, Discher DE (2006) Matrix
elasticity directs stem cell lineage specification. Cell 126:677-689.

3. Hayakawa K, Tatsumi H, Sokabe M (2002) Mechanical stress in
the actin cytoskeleton activates SA channels in the vicinity of
focal adhesions in endothelial cells. Mol Biol Cell 13:340A.

4. Kasas S et al (2005) Superficial and deep changes of cellular
mechanical properties following cytoskeleton disassembly. Cell
Motil Cytoskelet 62:124—132.

5. Smith PG, Deng LH, Fredberg JJ, Maksym GN (2003) Mechanical
strain increases cell stiffhess through cytoskeletal filament reorga-
nization. Am J Physiol Lung Cell Mol Physiol 285:L456-1463.

6. Puig-de-Morales M, Millet E, Fabry B, Navajas D, Wang N,
Butler JP, Fredberg JJ (2004) Cytoskeletal mechanics in adherent

SEM



22

Exp Mech (2009) 49:11-23

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

human airway smooth muscle cells: probe specificity and scaling
of protein-protein dynamics. Am J Physiol Cell Physiol 287:
C643-C654.

. Kumar S, Hoh JH (2001) Probing the machinery of intracellular
trafficking with the atomic force microscope. Traffic 2:746-756.

. Pesen D, Hoh JH (2005) Modes of remodeling in the cortical
cytoskeleton of vascular endothelial cells. FEBS Lett 579:473-476.

. Pesen D, Hoh JH (2005) Micromechanical architecture of the
endothelial cell cortex. Biophys J 88:670-679.

. Oberhauser AF, Badilla-Fernandez C, Carrion-Vasquez M,
Fernandez JM (2002) The mechanical hierarchies of fibronectin
observed with single-molecule AFM. J Mol Biol 319:433-447.

. Bernheim-Groswasser A, Wiesner S, Golsteyn RM, Carlier MF,

Sykes C (2002) The dynamics of actin-based motility depend on
surface parameters. Nature 417:308-311.

Rotsch C, Jacobson K, Radmacher M (1999) Dimensional and
mechanical dynamics of active and stable edges in motile
fibroblasts investigated by using atomic force microscopy. Proc
Natl Acad Sci U S A 96:921-926.

A-Hassan E, Heinz WF, Antonik MD, D’Costa NP, Nageswaran S,
Schoenenberger CA, Hoh JH (1998) Relative microelastic mapping
of living cells by atomic force microscopy. Biophys J 74:1564—1578.
Charras GT, Horton MA (2002) Single cell mechanotransduction
and its modulation analyzed by atomic force microscope inden-
tation. Biophys J 82:2970-2981.

Parekh SH, Chaudhuri O, Theriot JA, Fletcher DA (2005)
Loading history determines the velocity of actin-network growth.
Nat Cell Biol 7:1219-1223.

Chaudhuri O, Parekh SH, Fletcher DA (2007) Reversible stress
softening of actin networks. Nature 445:295-298.

Prass M, Jacobson K, Mogilner A, Radmacher M (2006) Direct
measurement of the lamellipodial protrusive force in a migrating
cell. J Cell Biol 174:767-772.

Oliver T, Dembo M, Jacobson K (1999) Separation of propulsive and
adhesive traction stresses in locomoting keratocytes. J Cell Biol
145:589-604.

Koonce MP, Strahs KR, Berns MW (1982) Repair of laser-severed
stress fibers in myocardial non-muscle cells. Exp Cell Res
141:375-384.

Berns MW et al (1981) Laser microsurgery in cell and
developmental biology. Science 213:505-513.

Strahs KR, Berns MW (1979) Laser microirradiation of stress
fibers and intermediate filaments in non-muscle cells from
cultured rat heart. Exp Cell Res 119:31-45.

Burt JM, Strahs KR, Berns MW (1979) Correlation of cell surface
alterations with contractile response in laser microbeam irradiated
myocardial cells. A scanning electron microscope study. Exp Cell
Res 118:341-351.

Strahs KR, Burt JM, Berns MW (1978) Contractility changes in
cultured cardiac cells following laser microirradiation of myofi-
brils and the cell surface. Exp Cell Res 113:75-83.

Heisterkamp A, Maxwell IZ, Mazur E, Underwood JM, Nickerson
JA, Kumar S, Ingber DE (2005) Pulse energy dependence of
subcellular dissection by femtosecond laser pulses. Opt Express
13:3690-3696.

Engler AJ, Griffin MA, Sen S, Bonnemann CG, Sweeney HL,
Discher DE (2004) Myotubes differentiate optimally on substrates
with tissue-like stiffness: pathological implications for soft or stiff
microenvironments. J Cell Biol 166:877-887.

Paszek MJ et al (2005) Tensional homeostasis and the malignant
phenotype. Cancer Cell 8:241-254.

Peyton SR, Putnam AJ (2005) Extracellular matrix rigidity governs
smooth muscle cell rigidity in a biphasic fashion. J Cell Physiol
204:198-209.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Even-Ram S, Doyle AD, Conti MA, Matsumoto K, Adelstein RS,
Yamada KM (2007) Myosin IIA regulates cell motility and
actomyosin-microtubule crosstalk. Nat Cell Biol 9:299-309.
Peterson LJ, Rajfur Z, Maddox AS, Freel CD, Chen Y, Edlund M,
Otey C, Burridge K (2004) Simultaneous stretching and contrac-
tion of stress fibers in vivo. Mol Biol Cell 15:3497-3508.
Sanger JW, Sanger JM (1979) The cytoskeleton and cell division.
Methods Achiev Exp Pathol 8:110-142.

Kano Y, Katoh K, Fujiwara K (2000) Lateral zone of cell-cell
adhesion as the major fluid shear stress-related signal transduction
site. Circ Res 86:425-433.

Kumar S, Maxwell 1Z, Heisterkamp A, Polte TR, Lele TP, Salanga
M, Mazur E, Ingber DE (2006) Viscoelastic retraction of single living
stress fibers and its impact on cell shape, cytoskeletal organization,
and extracellular matrix mechanics. Biophys J 90:3762-3773.
Khodjakov A, La Terra S, Chang F (2004) Laser microsurgery in
fission yeast; role of the mitotic spindle midzone in anaphase B.
Curr Biol 14:1330-1340.

Tolic-Norrelykke IM, Sacconi L, Thon G, Pavone FS (2004)
Positioning and elongation of the fission yeast spindle by
microtubule-based pushing. Curr Biol 14:1181-1186.

Botvinick EL, Venugopalan V, Shah JV, Liaw LH, Berns MW
(2004) Controlled ablation of microtubules using a picosecond
laser. Biophys J 87:4203-4212.

Parker KK et al (2002) Directional control of lamellipodia
extension by constraining cell shape and orienting cell tractional
forces. FASEB J 16:1195-1204.

Lele TP, Pendse J, Kumar S, Salanga M, Karavitis J, Ingber DE
(2006) Mechanical forces alter zyxin unbinding kinetics within
focal adhesions of living cells. J Cell Physiol 207:187-194.
Nowotny M, Gummer AW (2006) Nanomechanics of the
subtectorial space caused by electromechanics of cochlear outer
hair cells. Proc Natl Acad Sci U S A 103:2120-2125.

Matthews BD, Overby DR, Mannix R, Ingber DE (2006) Cellular
adaptation to mechanical stress: role of integrins, Rho, cytoskel-
etal tension and mechanosensitive ion channels. J Cell Sci
119:508-518.

Wang YX, Botvinick EL, Zhao YH, Berns MW, Usami S, Tsien
RY, Chien S (2005) Visualizing the mechanical activation of Src.
Nature 434:1040-1045.

Janmey PA, Weitz DA (2004) Dealing with mechanics: mechanisms of
force transduction in cells. Trends Biochem Sci 29:364-370.

Suh KY, Kim YS, Lee HH (2001) Capillary force lithography.
Adv Mater 13:1386-1389.

Kim YS, Park J, Lee HH (2002) Three-dimensional pattern
transfer and nanolithography: modified soft molding. Appl Phys
Lett 81:1011-1013.

Chou SY, Krauss PR, Renstrom PJ (1996) Imprint lithography
with 25-nanometer resolution. Science 272:85-87.

Guo LJ (2004) Recent progress in nanoimprint technology and its
applications. J Phys D Appl Phys 37:R123-R141.

McAlpine MC, Friedman RS, Lieber DM (2003) Nanoimprint
lithography for hybrid plastic electronics. Nano Lett 3:443-445.
Thatcher RW, Gomez-Molina JF, Biver C, North D, Curtin R,
Walker RW (2000) Two compartmental models of EEG coherence
and MRI biophysics. Behav Brain Sci 23:412.

Singhvi R, Kumar A, Lopez GP, Stephanopoulos GN, Wang DI,
Whitesides GM, Ingber DE (1994) Engineering cell shape and
function. Science 264:696—698.

Bernard A, Renault JP, Michel B, Bosshard HR, Delamarche E
(2000) Microcontact printing of proteins. Adv Mater 12:1067-1070.
Kim SO, Solak HH, Stoykovich MP, Ferrier NJ, de Pablo JJ, Nealey
PF (2003) Epitaxial self-assembly of block copolymers on litho-
graphically defined nanopatterned substrates. Nature 424:411-414.



Exp Mech (2009) 49:11-23

23

51.

52.

53.

54.

55.

56.

57.

LeDuc P, Ostuni E, Whitesides G, Ingber D (2002) Use of
micropatterned adhesive surfaces for control of cell behavior.
Methods Cell Biol 69:385-401.

Voldman J, Gray ML, Schmidt MA (1999) Microfabrication in
biology and medicine. Annu Rev Biomed Engr 1:401-425.

Xia YN, Whitesides GM (1998) Soft lithography. Angew Chem
Int Ed 37:551-575.

Whitesides GM, Ostuni E, Takayama S, Jiang XY, Ingber DE
(2001) Soft lithography in biology and biochemistry. Annu Rev
Biomed Engr 3:335-373.

Tan JL, Tien J, Pirone DM, Gray DS, Bhadriraju K, Chen CS
(2003) Cells lying on a bed of microneedles: an approach to isolate
mechanical force. Proc Natl Acad Sci U S A 100:1484-1489.
Wang N, Ostuni E, Whitesides GM Ingber DE (2002) Micropatterning
tractional forces in living cells. Cell Motil Cytoskelet 52:97-106.
Kurpinski K, Chu J, Hashi C, Li S (2006) Anisotropic mechano-
sensing by mesenchymal stem cells. Proc Natl Acad Sci U S A
103:16095-16100.

58.

59.

60.

61.

62.

63.

Kenis PJ, Ismagilov RF, Whitesides GM (1999) Microfabrication
inside capillaries using multiphase laminar flow patterning.
Science 285:83-85.

Beebe DJ, Mensing GA Walker GM (2002) Physics and
applications of microfluidics in biology. Annu Rev Biomed Engr
4:261-286.

Takayama S, Ostuni E, LeDuc P, Naruse K, Ingber DE, Whitesides
GM (2003) Selective chemical treatment of cellular microdomains
using multiple laminar streams. Chem Biol 10:123-130.

Takayama S, Ostuni E, LeDuc P, Naruse K, Ingber DE, Whitesides GM
(2001) Subcellular positioning of small molecules. Nature 411:1016.
Jeon NL, Baskaran H, Dertinger SKW, Whitesides GM, Van de
Water L, Toner M (2002) Neutrophil chemotaxis in linear and
complex gradients of interleukin-8 formed in a microfabricated
device. Nat Biotechnol 20:826-830.

Kuczenski B, LeDuc PR, Messner WC (2007) Pressure-driven
spatiotemporal control of the laminar flow interface in a micro-
fluidic network. Lab. Chip. 7:647-649.



